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FOREWORD

Citations of commerciai organizations and trade names in this report do
not constitute an official Department of the Army endorsement or approval of
the products or services of these organizations.

I ma UM :

In conducting the research described in this report, the investigators
adhered to the "Guide for the Care and Use of Laboratory Animals," prepared by
the Committee on Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council (DHHS Publication No.I (NIH) 86-23, revised 1985).
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I. INTRODUCTION

Blast waves, resulting from the sudden release of energy into the
atmosphere (e.g., gun fire, cannon discharge, etc.), are one of the primary
sources of high level impulse noise exposure in the military. These noise
impulses are brief acoustic transients which have a very high intensity (often
in excess of 180 dB peak SPL) and a relatively broad distribution of energy
within the audible frequency spectrum. The blast waves that are typically
encountered in military environments constitute a serious health hazard
because (f their damaging effects on hearing and other organ systems of the
body. With a continuing increase in the sophistication and power of weapon
systems, there has been a concomitant increase in the peak noise (pressure)
levels to which personnel are exposed. While there exists a body of knowledge
on the effects of continuous noise exposure on hearing, as well as to some
extent the effects of impact noise on hearing, there is very little literature
on the effects of blast wave and impulse noise exposure on hearing function.
The paucity of data is due, in part, to the difficulty of producing well-
controlled blast waves in a laboratory setting, and in part, because of the
inherent difficulties associated with animal research. Direct laboratory
studies on unprotected humans are usually not possible because of the
excessive noise levels that must be used.

There are at present no generally accepted guidelines for predicting the
adverse effects of blast wave exposures on hearing. What is needed before any
predictive schemes can be developed, is a data base resulting from parametric
studies of blast waves and their effects on hearing function. Because of the
comparative delicacy of the cochlea and its associated conductive mechanism,
such a data base may also be useful in providing an early indication of
impending blast-induced trauma to other organ systems of the body.

I1. BACKGROUND

There are a number of different suggested standards for exposure to
impulse/impact noise [e.g. Coles, et al. (1968), Smoorenburg (1982), and
Pfander, et al. (1980)]. Although each of these criteria has its proponents,
there is a consensus that there is, in fact, an extremely limited empirical
data base upon which a standard can be built. The difficulties associated
with generating a data base are compounded by the extremely broad range of
high intensity noise transients that exist in various industrial and military
environments. For example, in industry, impacts often occur as a pseudorandom
sequence, having variable peak intensities, that are superimposed on a
continuous noise background. This combination produces a highly non-Gaussian
noise of variable character often with a very high kurtosis. While rms SPLs'
might be within the limits of hearing conservation standards, peaks in excess
of 130 dB or more can be very common but irregular in their temporal spacing.
At the other extreme, the diversity of military weapon systems produce
impulses which originate as the result of a process of shock wave formation
and propagation following high energy discharges. These waves, which can have
peak levels in excess of 180 dB, can be either reverberant or non-reverberant
in nature depending upon the environment in which they are encountered and
they also may be superimposed on a background noise. Trying to develop a
single standard to cover this broad range of "acoustic" signals is a
formidable task.

The following paragraphs provide some background information which
highlights the existing body of knowledge on impulse noise effects. The first
section deals briefly with some of the fundamental differences between impulse
and continuous noise. Later sections describe some of the relations between
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the acoustic parameters of the impulse noise exposure and the magnitude of

hearing loss and the last section presents some background on the role of
tuning curves in the assessment of normal and pathological hearing function.
These introductory comments are intended only to focus attention on studies
that bear a direct relation to the data in this report and are not intended as
a comprehensive review of the subject. The reader should keep in mind that

many of the issues and relations that are discussed are poorly understood and
tenuous at best, since they are based upon very limited data.

A. Impule Versus Connou Nois: There is a temptation to view the
mechanisms of impulse* noise trauma as being essentially the same as those of
continuous noise. Recent data, however, clearly differentiates impulse noise
from other forms of noise. In the first instance, blast waves are different
in a physical sense from tone bursts or noise impacts. They are characterized
by a very rapid rise time (t.e., on the order of a microsecond or less) as a
consequence of the shock front leading the pressure wave, and they obey an
entirely different set of physical principles than conventional acoustic
auditory stimuli. In addition, the waveforms contain a large amount of
acoustic energy that is almost instantaneously applied to the conductive and
sensory structures of the ear. Such an impulsive loading greatly increases
the mechanical stresses that the peripheral auditory system must endure, and
often results in mechanical damage to not only the middle ear structures, but
to the delicate sensory structures of the inner ear as well. Thus, a basic
difference between impulse and continuous noise is that in the former case we
are dealing with a stimulus that can cause significant mechanical damage in
the cochlea (Hamernik et al., 1984a), while in the latter case the stimulus,
at levels normally encountered, causes damage primarily through cumulative
metabolic effects over relatively long periods of time. Comparatively little

is known about the physiological effects of mechanical disruption of the
membranous labyrinth and the ensuing intermixing of endolymph and perilymph
(Hamernik et al., 1984b). In general, however, both mechanisms, mechanical
and metabolic, are always active to some extent. Spoendlin (1976) has
suggested that at intensities around 125 dB, direct mechanical destruction and
metabolic exhaustion are competing mechanisms in cochlear pathologies.

Bohne (1974) has shown that a fracture of the reticular lamina leads to
an intermixing of endolymph and perilymph producing a potassium rich milieu
for the sensory cells. This mixing of cochlear fluids leads to the ultimate
demise of the hair cells and to changes in the nerve fibers innervating the
organ of Corti. The effects on more central structures, such as spiral
ganglion cells and the central auditory pathways, have not been extensively
studied (Morest, 1982). Hamernik et al. (1984b) have shown that following a
severe mechanically-induced lesion in the organ of Corti caused by blast
exposure, the cells of the inner sulcus become extremely active. These cells
begin to develop an unusual system of pseudopodia and villi. How these and
other changes relate to recovery processes or to alterations of psychoacoustic
hearing performance is not known.

Audiologically, the results of impulse noise exposure have also been
atypical. Luz and Hodge (1971) have reported that for chinchilla, monkey, and
human, the threshold recovery curve following exposure to reverberant impulses

Impulse ncise is being used here as a generic term to include both impact
noise and blast waves (Friedlander waves). The former, usually being
associated with industrial environments, are often caused by the impact of
two objects; while the latter are, of necessity, very intense ( > 140 dB),
and usually caused by the non-linear processes of shock wave propagation
following an explosive discharge.I
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is non-monotonic, i.e., there is an initial fast recovery, a rebound to higher
levels of temporary threshold shift (TTS), such that the maximum TTS may occur
several hours after the impulse noise exposure. This second peak in the TTS
function is followed by a slower recovery that is approximately linear in log
time. This non-monotonic pattern is distinctly different from the "classic"
linear-in-log-time recovery pattern that typically results from lower level
continuous noise exposure in humans. The same type of non-linear recovery has
been found in the chinchilla after an impulse noise exposure (Henderson et
al., 1974; Patterson et al., 1985, 1986; Hamernik et al., 1988). Furthermore,
the data of Hamernik et al., (1988) indicate that this complex recovery
pattern is frequently associated with a developing cochlear lesion. The
practical consequence of the non-monotonic recovery following impulse noise
exposure is that a single measurement of threshold shift (TS) during the early
postexposure period is probably not a good index of acoustic trauma from high-
level impulse noise. Thus, human experimentation which often relies on using
TTS 2 (i.e., TTS measured 2 minutes after noise exposure) as a predictor of
noise trauma is of questionable utility, and the CHABA (1965) postulate that
TTS 2 is an accurate index of the hazard of a noise is of limited value. The
corollary that all exposures that produce an equal TTS2 are equally hazardous
is therefore also of questionable validity.

B Reaio etween HearngL T-ssadTV eNoePrmtr:

1. I-off: In the current industrial noise
regulations, no consideration is given to the specific characteristics of the
impulse (e.g., spectrum, repetition rate, etc.). The Coles et al. (1968)
criteria attempts to include parameters other than just peak intensity.
Briefly, the Coles et al. damage risk criteria (DRC) utilizes a tradeoff
between the intensity and the duration of an impulse noise. The DRC is
designed to protect 95% of the exposed population and is intended for 100
impulses presented over a period of a few minutes to "several" .hours per day.
A correction factor is applied to adjust the DRC curve for more or fewer
impulses using a 5 dB trade-off per tenfold change in the number of impulses.
The intensity-duration trading relation proposed by Coles et al. was evaluated
in our laboratories using chinchillas exposed to impulses varying in intensity
from 113 dB to 170 dB, and having durations of 40 xsec through 200 msec
(Henderson and Hamernik, 1978). The chinchillas exposed to impulses lying on
the DRC line (50 impulses, 1/min), developed large hair cell losses. These
cochlear lesions may or may not be accompanied by parallel losses in hearing
sensitivity. The amount of damage could be increased by either increasing the
total number of impulses, or by holding the number of impulses constant and
decreasing, within limits, the interstimulus interval. One general idea that
reemerged from these studies was the notion of a "critical exposure" level
(Ward, 1968). Exposures below the critical exposure were not excessively
traumatic, while those above it generated significant cochlear pathologies,
often far beyond what might be predicted by the DRC. The critical level
probably varies with exposure parameters (Roberto et al., 1985). Since the
duration or temporal structure of an impulse is closely related to its energy
spectrum, the effect of impulse duration is further discussed in Section 5,
spectral effects. In fact, an evaluation of the impulse in terms of its
energy spectrum is probably the more preferable approach.

2. ITmpn1a Noise and S Varabilit: Hodge and McCommons (1966) reported
that the variability in TTS following impulse noise exposure was too large to
permit generalized statements based upon mean data. Kryter and Garinther
(1966) also say essentially the same thing in summarizing their own data;
however, they go one step further and suggest that the large variability is
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I the result of "tough" and "tender" ears. McRobert and Ward (1973) suggest
that each ear has a critical intensity for a given non-reverberant impulse.
Impulses below the critical level induce little or no TTS, regardless of the
number of impulses (N); impulses above the critical level produce a TTS that
grows by 5 dB for each tenfold increase in N. (See Price, 1981 for additional
discussion of the critical level). To further complicate the issue, we have
also found that as the threshold of damage is approached, animals will divide
into two "Kryter-like" groups, i.e., "tough" and "tender" ears. Above and
below the critical level, the amount of damage was relatively homogeneous;
however, tremendous variability between subjects was usually associated with
the transition region. Spoendlin (1976) has also commented on the extreme
variability resulting from impulse noise exposure.

Some of our early data (Eames et al., 1975) suggests that there is also a
critical intensity that is related to a conductive failure of the middle ear;
i.e., tympanic membrane rupture or other conductive changes occur in the
chinchilla at approximately 160 to 166 dB for free-field impulses having a
first positive over-pressure duration of 1 msec. Thus, in reviewing the
literature on impulse noise, there appears to be at least two major sources of
variability: (a) the critical level for developing PTS and cochlear pathology
and (b) the critical level for developing a pathological change in the
conductive mechanism of the ear.

3. Nme DI TMulspn: The original Coles et al. (1968) DRC recognized
the importance of the number of impulses in estimating the potential trauma
from an impulse noise exposure. Their basic curve was designed for an
exposure of 100 impulses per day with a 5 dB shift of the curve for a tenfold
change in N. Before relying too heavily on these figures, perhaps we should

consider how this trading relationship originated. In the words of Coles et
al., "where exposure is to an occasional single impulse only, it seems
reaso. able to raise the limits somewhat, and an estimate of 10 dB has been
agreed upon for this. The exact adjustment for different numbers of impulses
has not been defined since there are obviously an infinite number of
variations in the pattern and amount of noise exposure." Thus, the 5 dB for
tenfold change in N took hold and is to be found today in the CHABA (1968)
report. The point of the above is that this relationship which has been often
quoted and accepted is only a best guess and without experimental foundation.
Data of McRobert and Ward (1973) show that the function relating hearing lossto the number of impulses is not simple and that each individual may have a
critical level for a given impulse. If the impulse exceeds the critical
level, then hearing loss with repeated exposure will develop faster than would
be predicted. On the other hand, if the impulse is below the critical level,
the auditory system appears to be able to withstand many more impulses. The
findings of McRobert and Ward are for the TTS state. We have obtained similar
results for the chinchilla when PTS and hair cell counts were measured
(Roberto, et al., 1985). More recently, Patterson et al. (1985) have shown,
using chinchilla, that, over a limited range of impulse parameters, a more
defensible trading relation is a 10 dB change in intensity for a tenfold
change in the number of impulses. Experiments such as this need to be
extended in order to establish the generality of this latter result.

4. Ret Rate: The Coles et al. DRC, as well as criteria that are
based upon equal energy considerations neglect the rate of presentation of theimpulses as a factor in the production of hearing loss. With repetition rates

less than 1/sec, the acoustic reflex can exert a protective effect. Ward et
al. (1961) exposed human subjects to impulses presented at interstimulus
intervals (ISI) of 1, 3, 9, or 30 seconds. Because there was no difference
between the level of TTS for each group, it was concluded that when the ISI is

I
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greater than 1/sec the repetition rate has little or no effect on PTS. The
conclusions of Ward et al. (1961) may not be generalized to all impulse
presentations. Perkins et al. (1975), using blast waves, compared the hearing
loss produced by 50 impulses of 155 dB and 1 msec A-duration; the impulses
were presented at either 1/min or 10/min. There were distinct differences
between groups; the faster repetition rates produced much larger amounts of
threshold shift, (TS), PTS, and hair cell loss than the lower repetition
rates. The effects are almost certainly independent of the influence of the
acoustic reflex because the ISI at the highest repetition rate is longer than
the reflex decay time. While we are a long way from understanding the effects
of temporal spacing of impulses on hearing loss, it seems likely that temporal
sequencing is an important part of an impulse noise exposure.

5. SpJeca.l Pffpats: One of the surprising features of the existing or
proposed exposure criteria is the general lack of specific consideration that
is given to the frequency domain representation of the impulse, a point
frequently raised by Price (1983) and others. Some deference is, however,
given to the spectrum in these criteria, but in a rather covert or indirect
manner; e.g., through the use of A-weighting of the stimulus or through the
handling of the A and B duration variables. The authors of the Coles, et al.
(1968) proposal, for example, acknowledge the importance of the spectrum by
recognizing that long A-duration Friedlander type waves, which transport
relatively large amounts of energy at low frequencies, are less effective in
producing acoustic trauma than are short duration A-waves. Thus, their
criterion line for the "A-waves" is drawn horizontal for A-durations greater
than approximately 1 ms. A more direct spectral approach to the evaluation of
impulses and impacts was proposed by Kryter (1970). His suggestions, while
based upon sound reasoning, never really caught on. The Kryter approach
appeared attractive in its ability to predict the amount of temporary
threshold shift measured two minutes after exposure (TTS 2 ) to a noise
transient provided that the TTS 2 was not very large or alternatively that the
levels of the transient in any given frequency band were not excessive. Price
(1979, 1983, 1986) to some extent has tried to build upon and extend the
Kryter approach by considering the spectral transmission characteristics of
the peripheral auditory system. Price's reasoning led to the following
conclusions. (a) There is a species specific frequency, fo, at which the
cochlea is most vulnerable and that impulses whose spectrum peaks at fo will
be most damaging. This would appear to be true, according to Price,
regardless of the distribution of energy above and below fo. For man the
suggested frequency is 3.0 kHz. (b) Relative to the threshold for damage at
fo, the threshold for damage should rise at 6 dB/octave for fp<fo and at 18
dB/octave for fp>fo where fp - spectral peak of the impulse. Thus, a model
for permanent damage was developed which is amenable to experimental testing.
In subsequent studies, Price (1983) has tried to relate, with varying degrees
of success, experimental data obtained from the cat to the predictions of this
model. A review of the literature indicates that, except for the Price
studies, there are few published results obtained from experiments
specifically designed to study the effects of the spectrum of an impulse on
hearing trauma.

C. 21M Rea~nAogHa ing os.Snor .ceZL= and Tng
Characteristics.

Attempts at correlating hearing loss with hair cell loss have met with
varying degrees of success. Some investigators have found threshold shifts of
30 to 50 dB with outer hair cell loss (e.g., Moody et al., 1976; Ryan and
Dallos, 1975) while others have reported little or no hearing loss with
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significant OHC loss (Hunter-Duvar and Elliott, 1972; Henderson et al., 1974).
Still others have reported hearing losses of 20 to 40 dB with little hair cell
loss (Lindquist et al., 1954; Hunter-Duvar and Elliott, 1972). Some of the
differences may be due to subtle forms of anatomical damage which are
difficult to relate to hearing loss patterns, (e.g., isolated, mid-cochlear
hair cell lesions versus lesions that extend continuously from base toward the
apex of the cochlea) . In the case of an isolated lesion, it is possible for
the excitation pattern in the cochlea to spread from a damaged region of the
cochlea into one that is normal as intensity increases. Thus, the spread of
excitation could potentially obscure the correlations between hair cell loss
and hearing loss.

The psychophysical tuning curve (TC), which represents the envelope of
the set of intensities and frequencies of a tone that effectively masks a
second low level probe signal that is fixed in frequency, is a useful measure
of the peripheral frequency resolution capabilities of the auditory system.
This masked threshold function, which tends to increase in a fairly monotonic
fashion as the tone (masker) frequency is systematically moved farther away
from the probe signal frequency, has an asymmetric 'V' shape especially at the
higher frequencies, which presumably reflects the excitation pattern of the
masker (Zwicker et al., 1974) . From the TC quantitative estimates of the
auditory filter characteristics such as the Q10dB and the low- and high-
frequency slopes can be obtained as a function of the characteristic (probe)
frequency (CF). These TC variables have often been used as measures of the
effects that cochlear damage has on frequency selectivity.

Animal studies have shown that certain characteristics of the TC may be
altered (e.g., broadened tip, sensitization effects, and shifts of the CF
toward lower frequencies, etc.) when there is sensory cell loss with a
concomitant threshold shift. However, tuning curves measured in animal models
using psychoacoustic methods or various gross electrical recordings have not,
in general, been shown to be particularly sensitive to the histological status
of the cochlea. In the relatively limited number of studies that included a
histological documentation, the consensus has been that the changes seen in
frequency selectivity were associated primarily with missing outer hair cells
(Ryan et al., 1979; Smith et al., 1987; Harrison et al., 1981). On the basis
of these psychophysical studies, it would appear that threshold shifts in
excess of 30 dB are required before tuning is altered. This is in contrast
(not surprisingly) to the high degree of sensitivity of TCs, obtained from

single VIII nerve neurons, to the conditions of very localized groups of
sensory cells (Liberman and Dodds, 1984). These authors, for example, have
shown that normal TCs require that the stereocilia of both the inner and outer
hair cells be normal. Even units innervating completely normal regions of the
cochlea basalward of a small lesion can exhibit changes such as
hypersensitivity of the tail region. Changes in tuning, measured using
physiological techniques, may also be dependent upon the region of the cochlea
where damage is sustained. Harrison and Evans (1977), for instance, reported
a decrease in the sharpness of tuning (i.e., 10 dB bandwidth) for cochlear
neurons with CFs above 2.0 kHz once the threshold shift began to approximate
30 dB. However, for CFs below 2.0 kHz, tuning was affected by thresholds
shifts much less than 30 dB. Thus there are distinct differences in the
sensitivity of tuning curve measures obtained from pathological cochleas using
physiological and psychoacoustic methods. In humans with sensorineural hearing
losses, psychophysical TCs also show a reduction in Qi0 dB and in some cases a

shallow low-frequency tail with a sharp high-frequency slope (i.e., upward
spread of masking) or, less commonly, a shallow high-frequency slope with a
sharp low-frequency slope (i.e., downward spread of masking ) (Wightman et
al., 1977; Tyler et al., 1980: Florentine et al., 1980; Ritsma et al., 1980;
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Klein and Mills, 1981; Tyler et al., 1984). The sensitivity of the TC to
changes in threshold in humans, however, can be quite good with consistent
changes in tuning being found with temporary thresholds shifts as little as 10
d:3 (Mills, 1982). while changes in psychophysical tuning characteristics
similar to those found in humans have been observed following cochlear damage
induced by noise and drugs in various animal models, the total number of
animals published is very small and the range of permanent threshold shift
(PTS) examined is limited. Thus, there is a need for further studies
correlating tuning curve shape with a variety of cochlear histopathologies
induced with noise and drugs. The blast wave exposures that we have used
generated a variety of complex patterns of inner and outer hair cell loss.
Such cochleas present a unique opportunity to study the frequency selectivity
of the cochlea and how it is changed by various types of hair cell loss. The
snapes of psychological tuning curves in hearing impaired persons may
ultimately be used to predict the pattern or typa of cochlear pathology (i.e.,
OHC versus IHC loss). The results are also relevant to theoretical problems
in auditory research, namely the role of OHC's and IHC's in hearing, i.e., is
frequency selectivity determined at the level of the IHC or are the OHC
involved with frequency resolution? This, then, is the rationale for
obtaining TC's on the animals from this study. The TC data in this report
were obtained from 298 impulse noise exposed chinchillas from which more than
3,500 TC's were obtained.

III. METHODS

The basic experimental protocol that is common to all of the experiments
consists of the following steps: (a) Preexposure evoked response audiograms
and tuning curves (TC's) are measured on each animal. (b) The animals are
exposed to noise under well controlled conditions. The temporal and spectral
characteristics of the noise are recorded. (c) The animal's evoked response
thresholds are determined immediately after exposure and at regular intervals
after exposure. At 30 days postexposure, the audiogram is again measured to
establish the animal's permanent threshold shift, (PTS), and postexposure TC's
are once again collected at all audiometric test frequencies. (d) The animals
are euthanized and their cochleas are then prepared for microscopic analysis.
Cochleograms, which provide a quantitative description of the extent and
location of the hair cell lesions are prepared for each cochlea.

A. Subjentg: The experimental animal was the chinchilla. There is no
one "best" animal for all aspects of the project. A number of common
laboratory animals used in hearing research were considered. Primates, whose
auditory function is similar to humans are extremely expensive to purchase and
care for and have been ruled out because of the large number of animals that
were required in this project. Cats and guinea pigs are prone to middle ear
pathologies which could contaminate the interpretation of the experiments.
Given the range of measures to be explored, the chinchilla was the logical
choice for a number of reasons. (a) The chinchilla is resistant to middle ear
disease. (b) The chinchilla has previously been used in a large number of
experiments on noise-induced hearing loss involving continuous and impulse
noise so that there is an existing data base on which to rationally plan new
experiments (Henderson, 1969; Eldredge et al., 1973; Carder and Miller, 1972;
Mills, 1973; Burdick et al., 1977; Patterson et al., 1985). Further research
on the chinchilla will provide additional data for modeling the effects of
noise. (c) Related to the issue of susceptibility; the chinchilla seems to be
more susceptible to noise than humans. However, the difference in
susceptibility can be compensated for by using a constant which varies with
the frequency of the exposure. Mills et al. (1978) has analyzed the
asymptotic threshold shift (ATS) data from chinchillas, monkeys and humans and
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found that one equation could be used to describe the relationship between the

level of noise and the amount of ATS [i.e., ATS - 1.7 (OBL - C) where OBL is
the octave band level and C is a frequency and species dependent constant; CH is 5-30 dB smaller for chinchilla than for man]. Similar results have been
found for impulse noise by Henderson and Hamernik (1982) to describe the
effects of an impulse noise exposure. In summary, there are differences in
susceptibility between species, but the differences appear to depend on a
single frequency dependent constant. (d) The chinchilla has been used in
numerous psychophysical experiments, consequently, much is known about its
threshold (Miller, 1970; Salvi et al., 1978), psychophysical tuning curvesI( (McGee et al., 1976; Salvi et al., 1982c), threshold for gap detection
(Giraudi et al., 1980) and amplitude modulated noise (Salvi et al., 1982a)

These psychophysical results indicate that the chinchilla's hearing
capabilities are quite similar to those of man. For the above reasons the
chinchilla was considered to be a reasonable animal model for the blast waves
experiments described here.

Four hundred and twenty-three (423) chinchillas were used in this study.
Each animal used with Sources I and II was anesthetized with an IM injection
of Ketamine (12.86 mg/kg), Acepromazine (0.43 mg/kg) and Xylazine (2.57 mg/kg)
and made monaural by the surgical destruction of the left cochlea. The
animals used with Sources III and IV were anesthetized with Telazol© (IM
injection - Tiletamine-Zolazepan 30 mg/kg). A chronic electrode was implanted
near the inferior colliculus for single-ended, near-field recording of the
evoked potential (Henderson et al., 1973; Salvi et al., 1982b). Each animal
was given AmoxicillinO (100 mg/kg, subcutaneous) to reduce the possibility of
postoperative infection. The animals were allowed to recover for at least two
weeks before evoked potential testing began.

B. Hols pu - HardwareDsc pion: A Digital Equipment
Corporation (DEC) MicroPDP-11/73 supports ill the other computers used in the
laboratories. A block diagram describing the host computer system is shown inI Figure 1. The host is configured with 2.0 MB of memory, 9-track magnetic
tape, a 31 MB fixed, 340 MB fixed and 80 MB removable Winchester-technology
disk storage and a dual 0.4 MB floppy disk drive. The host computer is
configured as a time-sharing system and is connected by a serial line to each
of the other microcomputers which are discussed in detail below. Other
peripherals which are used by the laboratory systems include two eight-pen
digital plotters (Nicolet Zeta-8, Soltec 281), laser printer (DEC LN03), and
dot-matrix printer (DEC LA-50). A color-graphics terminal (DEC VT 241) and
four other video terminals also are also served by the host.

Acquired initially to support only the two other MicroPDP-11/73
laboratory computers as well as two LSI-11/23-based systems, the host's
operating system is TSX+. TSX+ allows us to develop software on the time-
sharing system and move modules to the laboratory units via floppy disk or

serial line transfer (KERMIT or VTCOM/TRANSF) which will then run without
modification. Data files are easily (although not quickly) transferred from
the laboratory system to the host using the same methods. This arrangement
allows us to transfer data to and from any computer system in the laboratory
and therefore gives us more flexibility in the laboratory than would be
possible without the host system. The host is also connected to a ROLM data
switch via a DTI to allow access to the campus Data General MV/10000
minicomputer and Burroughs A10D mainframe (replaced during the period of this
project by a DEC VAX 6420) and to commercial statistical packages.
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I The laboratory data base described below runs on the host system. In
addition, the host runs a number of other programs required for the operation
of the laboratory and support of the project which include, but are notlimited to, word processing, data bases, statistical procedures, datatransformations, printing and plotting.

I C. PzZx4.ur ang: Hearing thresholds were estimated on each
animal using the auditory evoked potential (AEP). A schematic of the AEP
system is shown in Figure 2. The AEP has been shown to be a valid index of
hearing threshold in the chinchilla. The correlation between the behavioral
and evoked response measures has been strengthened by directly comparing, in
the same animal, estimates of noise-induced behavioral and evoked potential
threshold shifts (Henderson et al., 1983; Davis and Ferraro, 1984). There is
a close correlation between the behavioral and evoked response thresholds
before, during, and after acoustic overstimulation. In other words, the
evoked potential threshold estimation procedure provides a good estimate of
the magnitude of ioise-induced hearing loss. The animals were awake during
testing and restrained in a yoke-like apparatus to maintain the animal's head
in a constant position within the calibrated sound field. AEP's were
collected to 20 msec tone bursts (5 msec rise/fall time) presented at a ratei of 10 per second. A general-purpose computer (Digital Equipment Corporation
MicroPDP-11/73) with 12-bit A/D converter (Data Translation 3362), timer (ADAC
1601) and digital interface (ADAC 1632) was used to acquire the evoked
potential data and control the frequency, intensity and time of the stimulus
via a progranmable oscillator (Wavetek 5100), programmable attenuator(Spectrum Scientific MAT) and electronic switch (Coulbourn Instruments S84-04). The electrical signal from the implanted electrode was amplified

(50,000x) and filtered (30 Hz to 3000 Hz) by a Grass P511J biological
amplifier and led to the input of the A/D converter where it was sampled at 20
kHz (50 msec period) over 500 points to obtain a 25 msec sampling window.
Each sampled waveform was analyzed for large amplitude artifacts; and if
present, the sample was rejected from the average and another sample taken.
Averaged AEP's were obtained from 250 presentations of the 20 msec signal.
Each waveform was stored on disk for later analysis.

Thresholds were measured using an intensity series with 5 dB steps at
octave intervals from 0.5 to 16.0 kHz and at the half-octave frequency of 11.2
kHz. Threshold was determined to be one half step size (2.5 dB) below the
lowest intensity that showed a "response" consistent with the responses seenI at higher intensities. The intensity resolution of our method is 5 dB. The
average of at least three separate threshold determinations at each frequency
obtained on different days was used to obtain the preexposure audiogram.

Tone-on-tone masking functions (i.e., AEP tuning curves, see e.g., Salvi
et al., 1982c) were measured on three to five animals in each group at six
probe frequencies between 0.5 and 11.2 kHz presented at 15 dB above the
preexposure threshold. A simultaneous masking paradigm was used (McGee et
al., 1976). The probe tone had a duration of 20 ms and the intensity was set
at 15 dB sensation level at the given teist frequency. A simultaneous pure
tone masker was presented at increasing levels until the masker just abolishedI the evoked potential elicited by the probe tone. The procedure was repeated
over a range of masker frequencies around the probe tone to yield a "V" shaped
masking function. The AEP has been shown to provide as good an estimate of
the frequency selectivity as that obtained by behavioral techniques (Salvi et
al., 1982c). It also shows that a small population of neurons within a
restricted frequency band are contributing to the AEP at near threshold
intensities. The advantage of the AEP tuning curves is that they provide an

I
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independent method of assessing frequency selectivity and a method that ismuch easier to apply than behavioral techniques. Ten masker frequencies (from
a Wavetek Model 23 programmable frequency synthesizer) distributed in
frequency above and below the probe tone frequency were presented in an
intensity series with 5 dB steps. The masked threshold was taken as one half
a step size (2.5 dB) above the last masker intensity that resulted in a
"response". TC's were run on a total of 298 chinchillas from which 1788
preexposure TC's and 1788 postexposure TC's were obtained. Table 1 presents
the masking frequencies used for each probe tone.

Table 1

Evoked potential tuning curve probe and masker frequencies

Probe Masker Frequencies

(kHz) (kHz)

0.5 0.15 0.20 0.30 0.40 0.52* 0.60 0.65 0.75 1.30 2.20

1.0 0.15 0.20 0.40 0.55 0.80 1.05* 1.30 1.70 1.90 2.50

2.0 0.30 0.75 0.90 1.30 1.70 2.05* 2.20 3.00 3.50 4.00

4.0 0.45 1.30 2.20 3.00 3.50 4.10* 4.50 5.00 5.60 6.00

8.0 0.45 1.30 2.50 5.90 7.00 8.10* 9.30 11.00 12.70 14.00

11.2 1.00 4.00 7.00 9.00 11.00 11.50* 12.00 13.00 14.50 16.00

*Indicates the frequency used as CF for calculations of tuning curve
statistics.

D. I~ -Megaur: The measurement of tympanometric functions and
impedance was not part of the original protocol for this study. However, when
it became obvious that individual variability might be quite large, the
decision was made to try and assess middle ear function before and after
exposure since damage to the middle ear conductive structures could be one
source of variability (Eames et al., 1975).

Prior to each exposure, and immediately following the first postexposure
threshold measurement, tympanometry was performed on 64 animals that were
exposed to the Source I blast waves in order to monitor middle ear function.
Tympanometric measurements were performed by monitoring the acoustic
conductance (Ga) and acoustic susceptence (Ba) outputs of an acoustic
admittance meter (Grason Stadler 1723) with a strip-chart recorder.
Tympanograms were individually recorded at two probe frL'luencies (220 and 660
Hz) with decreasing ear canal air pressure (0-20 to -300mm H20). During
testing, the animal was restrained in a specially designed holder to prevent
head and body movement. All data wera corrected to the plane of the tympanic
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I membrane using the MAX/MIN procedure (Margolis and Smith, 1977a).
Tympanograms reflecting the acoustic conductance and susceptence, at various
canal pressures were converted to acoustic resistance (Ra), reactance 1Xa),H and impedance (Za) using the relations derived by Margolis and Popelka
(1977b).

The result of these measurements were presented in our annual report ADA
206-180. Since impedance measures were time consuming and proved to be of no
practical value in exlaining the variability in the dependent measures
following exposures, they were not continued and the results will not beI repeated in this report.

E. B.last Wv GnxaraI•in: One of the primary requirements of this
project was to develop blast wave sources which would reliably generate blast
waves whose intensity, frequency spectrum and presentation rate could be
varied and kept under experimental control. The blast waves employed in this
study were generated by one of the following four methods: (a) conventional
Shock Tube, Source I; (b) a 5-inch diameter valve-controlled shock tube
("Lamont driver"), Source II; (c) a 3-inch diameter Lamont Driver, Source III;

and (d) an Electrical Spark Discharge, Source IV.

(l) The Conventional •ShockTu (Sourac 1): The conventional shock tube
shown schematically in Figure 3, in its most simple form, is a device in whicha plane shock wave is produced by the bursting of a diaphragm which separates
the high pressure (compression) section from the constant area (6" x 6")
expansion section which is kept at atmospheric pressure. The expansionsection terminates in a 6 foot long exponential horn having a 4 ft x 4 ftexit. The nearly instantaneous release of the high pressure volume of air

generates a series of compression waves which propagate into the expansion
section and rapidly coalesce into a shock front a few diameters downstream of
the diaphragm. The horn exit is mounted in an anechoic enclosure. By varying
the pressure in the compression section and the configuration of the horn
throat, various blast wave profiles can be achieved (Hamernik et al., 1973).
The SPL of the blast wave can be controlled by systematically adjusting thepressure in the compression section. The blast wave was measured using a
transducer located on the center line and 36 inches from the outlet of theI shock tube. The experimental animal was mounted next to the microphone.

(2) The Lamont-Drvers (Sniirp U s And/ Z): A schematic representation
of the blast wave exposure test facility using the 3-inch "Lamont" source is
illustrated in Figure 4. The configuration of the 5-inch source is identical
except for its overall dimensions. A cross-sectional view of the "Lamont"
driver is shown in Figure 5. The Lamont source uses a relatively simple rapid
acting valve to quickly establish a high pressure discontinuity in the
expansion section in order to "drive" the shock front. A force differential
generated over the area of the low pressure chamber relative to the high
pressure chamber, on the rear plate, maintains the seal of the high pressure
chamber. As the low pressure is gradually reduced a point is reached where
the net force acting on the value reverses direction and the valve rapidlythrusts forward releasing the " lug" of high pressure gas into the expansion
section* Nitogen is used as the operating gas and the pressure in the highI pressure chamber varies from approximately 100 psig to 1000 psig to achieve
peak sound pressure levels of the blast wave of from 150 dB to 160 dE at the
exposure location. The SPL of the blast wave can be controlled by
systematically adjusting the pressure in the compression section. The
pressure-time history of the blast wave was recorded using a transducer
located on the center line at a variable distance from the outlet of the shock
tube. The experimental animal was mounted next to the transducer.

I
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U (3) Th= £iartri I isnha.g (S.QL= .Y): One of the more
straightforward ways of generating an intense and repeatable blast wave is by
discharging a high energy capacitor across a pair of electrodes. Theelectrical circuit is a standard RLC arrangement (Figure 6) in which a highcapacitance, low inductance capacitor is charged through a high voltage

source. Triggering of the spark gap is controlled through an independent
circuit which activates a hydrogen trigger gap switch. The sudden release of
energy from the capacitor breaks down the air gap and the subsequent rapid
heating of the air produces the characteristic sharp resound. By changing the
length of the gap or circuit characteristics, some control over the duration
of the blast wave can be achieved. Repetition rates of up to 1/sec can be
achieved at intensities that are variable from 130 dB or less to as much as
180 dB peak SPL. Control of intensity is easily achieved by either changing
the discharge energy or increasing the distance to the source. Further
control of the A-duration can be obtained by varying the angular position ofthe animal relative to the source. In the past this type of source has proven
very unreliable, however with the EG&G components the design shown in Figure 6
is very stable, and with an external oscillator the interstimulus interval is
easily controlled from 1/sec to virtually any slower repetition rate.

F. fla1a Measurement d : A principal requirement for this
study was the precise measurement and recording of the blast wave. Thecomputer system used for this purpose was a Compaq 286 Deskpro personal
computer using the ASYST'm application package (ASYSTTm Software Technologies,
Inc., Rochester, NY). The blast wave was first digitized and then recorded in
storage devices (e.g., hard disk or magnetic tape). By using the customized
software developed in our laboratory, each digitized blast wave was analyzed
to extract characteristics such as the total acoustic energy, energy spectrum,
peak and root-mean-square (RMS) sound pressure level (SPL) etc. Figure 7
illustrates the instrumentation used in the blast wave measurement system.
Two different types of transducers were used to convert the dynamic acoustic
pressure into an analog signal. The B&K 1/8 inch microphone (Type 4138) and
the PCB crystal microphone (Model 112A22) were selected because of their
ability to record high peak levels and their relatively fast rise times. A
B&K microphone preamplifier (Type 2639), a B&K measuring amplifier (Type
2606), and a PCB six-channel amplifying power unit (Model 483A08) were used to
amplify the analog signals from the B&K and PCB microphones respectively.
Both transducers yielded identical results. The amplified analog signals were
monitored on an oscilloscope. The output signal from the transducers was
amplified and, in order to avoid aliasing problems that can occur in analog-
to-digital (A/D) conversion, the amplified signals were filtered using an
anti-aliasing filter prior to digitizing. The sampling rate of the A/D
convertor (12-bit) was set at 500 kHz and the cut off frequency of the anti-
aliasing filter was set at 150 kHz (approximately 1/3 of the sampling rate).
For each blast wave, 16,384 samples were recorded for later analysis.
Software was written using a PC-based system to perform the following
computations: total sound exposure and sound exposure level calculations
(Young, 1970); energy flux calculations; and spectral analysis using a 4096-
point FFT; A-weighted analysis, etc.

Thus, for each impact the total sound exposure or sound exposure level
(SEL) could be calculated (i.e., the time integrated, squared sound pressure).

1 g [ fp2(t)dt ] Pref 201LPa and tref ls"
Pref Atref
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B&K Microphone 1 38

Preamplifier Microphone \ N-

I (a) B&K

I B&K 2606
Measuring (b) PCB
Amplifier

(SA0073 Scale)

(a) B&K Condenser
Microphone Monitoring 

Unit

oscilloscope

PCB 112A22 MS-DOS PC-Based
Pressure Data Acquisition
Transducer & Analysis System

I Anti-allasing
S~Filter

(Wavetek Model 852)

PCB 483A08
Amplifying
Power Unit

* (6 Channels)

(b) PCB Pressure
* Transducer

Figure 7. Schemiatic of the instrumentation used in the blast wave
measurement system.
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The total sound exposure was also divided by the standard characteristic
impedance of air, pc - 406 mks rayls, to produce a quantity with units of
energy flux (i.e., J/m2). Similarly, all spectral quantities IP(W)I2 were
converted to units of energy flux spectral density, and for each impulse
exposure, the total "energy flux" in the octave bands having center
frequencies at the audiometric test frequencies was also calculated. (Since
only p(t) was measured, the true energy flux cannot be obtained except in the
special case of a plane wave.]

The schematic diagram of the PC-based data acquisition and analysis
system is illustrated in Figure 8. A COMPAQ 286 Deskpro PC is configured with
1.2 MB random access memory (RAM), 30 MB winchester disk drive, 10 MB tape
drive and EGA graphics adaptor. A 12-bit, 16-channel A/D converter subsystem
(RC Electronics ISC-16) allowed rapid digitization of the blast wave at a

maximum of one million samples/second (1.0 MHz or 1 gsec sampling period).
The fast sampling rate helps in the accurate detection of the peak of the
blast wave, one of the primary parameters in this study. The 12-bit
resolution of A/D converter provides a reasonably accurate digitization of the
analog signals. The acoustics laboratory data acquisition and analysis system
was chosen and configured using standard commercial hardware (PC compatible)
and software ASYSTT14 to allow easy replication and exchange of data.

The programs for performing the data acquisition and analysis were
written using the ASYSTm application package. This package not only
incorporates many features of standard computer languages such as APL and
FORTRAN but also contains many pre-written software tools such as interactive
graph.Lzs, Fast Fourier Transform (FFT), numerical integration and statistical
computations. These features greatly simplify the task of performing the
signal acquisition and processing.

The flowchart for these ASYST•w programs is illustrated in Figure 9. The
programming of the data acquisition part shown in Figure 9(a) is briefly
outlined below.

a. Set up the data acquisition parameters for the ISC-16 board such as
the sampling time, total number of samples, trigger channel, trigger
slope, trigger threshold, pre-trigger delay, etc.

b. Perform A/D conversions using the 12-bit A/D convertor mounted on the
ISC-16 board.

c. Move the digitized data from ISC-16 data buffer to PC RAM.

d. Plot the acquired acoustical waveform and compute the peak and RMS
SPL.

e. Save the digitized waveform in a data file for analysis.

The programming of the data analysis part of the setup is shown in
Figure 9 (b) and is briefly described below.

a. Read the digitized waveform from the data file.

b. Set up the parameters needed for the data analysis window such as the
sampling time, starting time and number of data points of the
analysis window, and the number of data points to be skipped.
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Figure 8. Configuration of the MS-DOS PC-based data acquisition
and analysis system.
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(a) Data Acquistion Flowchart

Set up Data Perform MoD eISC-16 Data Plot Waveform & Save Digitized
Acquisition Conversions B>, ISutfertoa Compute RMS & Waveform In
Parameters PC rAM Peak SPL Data File

(b) Data Analysis Flowchart pWt)

Read Digitized Setup Data P WavcRsif orm d(t) da tls program
Waveformat Fefrom I -> Analysis Window and Caea RS P eror F - IP(€O)lspcr & Phase

using thA-weighting Pathi.
-34- Compute Energy

Perform. Ines Perform Pefomtave As

FFT A-weighting for <- (Rl.&Ab.

IPW=I

n Print & Display

Numerical Results

Figure 9. Flowchart of (a) data acquisition and (b) data analysis programs
using the ASYST•m application package.
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U C. Plot the pressure-time waveform, p(t), and compute the peak and RMS
SPL.

3 d. Perform the FFT of p(t) to obtain the spectral components, P(O).

e. Plot the amplitude and phase spectra using P(O).

f. Compute the total acoustic energy and plot the energy spectrum in
both relative units (dB) and absolute units (J/m 2).

3 g. Perform an octave band analysis on the computed energy.

h. Print and display the computed results such as the data window size,3 SPL, energy, etc.

i. Perform A-weighting computations for I P(C)I based on the standard A-
I weighting curve.

G. E£ o fa DI Animals: For a given exposure condition, each chinchilla
was exposed at the same fixed location relative to the shock tube expansion
section outlet or the spark electrodes. During exposure the animal was
unanesthetized but immobilized in a leather harness (Patterson et al., 1986).
The right pinna was folded back and fixed in place to insure that the entrance
of the external meatus was not obstructed and the position of the entire
animal was adjusted so that the cross-sectional plane of the meatus was
oriented parallel to the advancing shock front (i.e., a normal incidence).

Each experimental group of animals consisted of five animals. Each
animal was individually exposed to one of the exposure conditions shown in
Table 2. A total of 109 animals were used to complete the experimental
paradigm for Source I; 105 for Source II and III and 104 for Source IV. [It
should be noted that 70 animals were exposed to Source I stimuli under
contract DAMD 17-83-G-9555 and the remaining 39 animals under the present
contract. For the sake of completeness, all 109 animals will be integratedi into the results of this report.]

H. Postexnqu= Tgtijng: After the exposure was complete, threshold
recovery functions were measured at 0.5, 2.0 and 8.0 kHz at 0, 2, 8, 24 and
240 hours after removal from the noise (using the same method as described for
preexposure testing). After at least 30 days, final audiograms were
constructed using the average of three separate threshold determinations at

each of the seven preexposure frequencies. Permanent threshold shift (PTS)
was defined as the difference between the postexposure and preexposure
thresholds at each individual test trequency. Postexposure AEP tuning curves
were collected at the six preexposure probe tones presented at 15 dB above the
postexposure threshold.

I. Coclea Htn.QMi: Following postexposure audiometric testing,
animals were euthanatized by decapitation and the cochleas were immediately
removed and fixed. The cochleas were dissected and the status of the sensory
cell population was evaluated using conventional surface preparation histology
(Engstrom et al., 1966). Briefly, the stapes was removed and the round window

membrane opened to allow transcochlear perfusion, via the scala tympani/scala
vestibuli with cold 2.5% glutaraldehyde in vernonal acetate buffer at 7.3 pH
(605 mOsm). Postfixation was performed on the following day with one percent
osmium tetroxide in veronal acetate buffer (pH 7.3) for 30 minutes. The

I
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TABLE 2

A definition of the experimental groups

Group Intensity Number Rate

1 150 dB Peak SPL 1

2 150 dB Peak SPL 10 10 per minute

3 150 dB Peak SPL 10 1 per minute

4 150 dB Peak SPL 10 1 per 10 minutes

5 150 dB Peak SPL 100 10 per minute

6 150 dB Peak SPL 100 1 per minute

7 150 dB Peak SPL 100 1 per 10 minutes

8 155 dB Peak SPL 1

9 155 dB Peak SPL 10 10 per minute

10 155 dB Peak SPL 10 1 per minute

11 155 dB Peak SPL 10 1 per 10 minutes

12 155 dB Peak SPL 100 10 per minute

13 155 dB Peak SPL 100 1 per minute

14 155 dB Peak SPL 100 1 per 10 minutes

15 160 dB Peak SPL 1

16 160 dB Peak SPL 10 10 per minute

17 160 dB Peak SPL 10 1 per minute

18 160 dB Peak SPL 10 1 per 10 minutes

19 160 dB Peak SPL 100 10 per minute

20 160 dB Peak SPL 100 1 per minute

21 160 dB Peak SPL 100 1 per 10 minutes
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I
cochleas were dissected and the entire sensory epithelium along with the
lateral wall structures was mounted in glycerin on glass slides. (See
Hamernik et al., (1987) for a more complete description.] The status of
sensory and supporting cells were evaluated with Nomarski Differential
Interference Contrast microscopy and entered into a data-base on a laboratory
computer (DEC MicroPDP-11/73 and Macintosh I1). Standard cochleograms were
then constructed by computing the percent outer hair cell (OHC) loss and inner
hair cell (IHC) loss across the length of the cochlea in 0.24 mm steps. These
cell loss figures were then converted into percent losa over octave bands
centered at the audiometric test frequencies along the length of the cochlea
and correlated with the frequency-place map constructed by Eldredge et al.
(1981). The morphometric system is shown schematically in Figure 10.

J. Tnfarantial jjji And nZ& Arhinre:

1 (1) Data Mana••Plmet: All audiometric and histological data from
individual animals and exposure stimuli were entered into a comprehensive data
base on the ARL Host Computer System. The data base contains: 'a) subject
information (e.g., identification, group designation, etc.); (b) audiometric
measurements (e.g., preexposure thresholds, recovery thresholds, tuning
curves, and postexposure thresholds); and (c) stimulus variables (e.g., total
energy, octave band energies, A-weighted energies, etc.); and (d) cell
morphometric data received from the anatomy laboratory. The data were
a.-chived daily to prevent loss by equipment or power failures.

(2) Data Rad.j.in: The above-mentioned data base is maintained using
custom-written computer software which serves as the basis for the data
appendices submitted to the contract officer's representative (COR) with each
annual report. Additional custom and commercial software packages are used to
tabulate group summaries and to produce graphic representation of the group
summaries. Custom-written routines are used to extract data from the data
base for further analysis using commercial statistical packages (e.g., SPSS
release 4, SAS, etc.). This data base management scheme was used successfully
for the past five years to manage and control the large amount of data
collected on 423 chinchillas.

(3) Statist+Cal Analysis.: The descriptive analysis of the data from

these experiments consists of: (a) a complete description of raw data and
group means and standard deviations; (b) a graphical representation of all
audiometric data; (c) tabular and graphical representation of individual
histological summaries; and (d) group summaries of the histological analysis.
Further examination of the data employed mixed model analysis of variance with
repeated measures on one factor (frequency) using the SPSS statistical package
(SPSSX and SPSS release 4). Multiple contrasts and analysis of trend were
employed where appropriate.

K. Tuning Curve Anali: The evoked potential tuning curves were
analyzed in two different ways. First, each of the twelve tuning curves (six
pre-exposure and six post-exposure) for each animal was analyzed individually
and values computed for Q10 dB, high-frequency slope (SaF) and low-frequency
slope (SLF) for each TC. Second, animals were divided into groups based upon
the amount of PTS the animal had at a given frequency and a mean tuning curve
was computed by averaging the masking functions for all the animals in that
particular group at that frequency. If the AEP could not be masked at the
maximum output of the acoustic system, the maximum value was used in the
analysis. The Q10 dB, SHF and SLF were then computed for each set of mean TCs.

I
-37-I



--- RCA 2000 CCTV

Macitosh

Data hII

, ' Entry,

~4 m Ncintowlt If

Zeiss Universal Research Microscope
with Nomarski DIC Optics Data

Analysis
Vid Panasonic7 .

Video WV-5470 Cochlear
Mixer Video Monitor Morphometrics

Vasla Supporting Sensory
EleensT [!Cells Calls

Summagraphics
Data Tablet

MicroPP-i 1/73 F
Octave Band Octave Band Computed Raw

% Loss Loss (Totals) Data D

Vascular Morphometrics

VeslDniyGraphics Video TxVessel Density Output Output lHardcopy

Vessel Width, O I

RBC Density,
Pigment Density
Aggregation Density,
etc.

Figure 10. Anatomy laboratory temporal bone morphometric analysis systems.
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(1) Tndi-idual Tuning rtC•u•p: Three parameters were computed for each
individual TC: Q10 dB, SHF and SLF" The first statistic Q10 dB, was defined as
the characteristic frequency divided by the bandwidth of the tuning curve 10
dB higher than the threshold at that characteristic frequency, i.e.,

CF
Q1o f2 - f=

where CF is the characteristic frequency, (traditionally considered to be the
frequency in Hz of the lowest masked threshold on the tuning curve); and f 2

and fl represent the frequencies at which the masking function crosses a line
10 dB higher than the threshold at CF. The high- and low-frequency slopes (dB
per octave) represent the slope of the tuning curve function taken from CF
toward the higher or lower frequency maskers. These three variables are oftenIo.Lputed because the tuning curve is considered analogous to an electrical
filter. However, the response of an electrical filter can be measured with a
high degree of resolution. Similarly, single-unit tuning curves obtained from
VIII nerve fibers are measured with a resolution of up to 50 frequencies or
more per octave. However, because of time limitations, evoked potential or
psychophysical tuning curves are typically measured using only approximately
10 masking frequencies. Of those 10 frequencies, not all are always able to
mask the response to the probe, particularly following an exposure that
produces a large PTS. Therefore, in computing the individual tuning curve

statistics, it was necessary to institute a number of rules that would allow
us to describe as accurately as possible the frequency selectivity of the
auditory system as measured by the evoked potential in animals with normal
thresholds as well as in those with varying amounts of PTS.

For each TC the characteristic frequency was chosen as the frequency of
the masker closest to the probe tone on the high-frequency side (see Table 1).
The use of only 10 masker frequencies results in several problems when trying
to calculate tuning curve statistics especially in noise-damaged ears where
the TCs can be very atypical. Most of these problems can be resolved by using
many more masking frequencies. However, even the use of just 10 masker
frequencies is extremely time consuming, typically requiring an hour to obtain
a single tuning curve. These problems most often occur when the masking
function does not resemble the "typical" tuning curve as might be the case
when the subject has a large PTS. This often results in an inability to

completely mask the probe with the extreme low- and high-frequency maskers
(i.e., masked threshold is beyond the SPL output of the instrumentation).

Figure 11 depicts idealized normal and abnormal evoked potential tuning
curves and is used in the following explanation of the rules that were used to
compute TC characteristics. For the "normal" tuning curve, the low-frequency
slope was computed using the masked thresholds at CF and the two frequencies
immediately below CF (i.e., points labeled D, E, and F, where F is defined as
CF). Only three points were employed since the low-frequency side of many
tuning curves (especially at higher frequencies) appears to consist of two
legs of different slopes. The low-frequency slopes reported in this report

represent the slope of the low-frequency leg of the TC adjacent to the CF. A
simple linear regression of threshold and log frequency using points D, E, and
F resulted in a slope and intercept. If, because of measurement error or with
atypical (pathologic) tuning curve shapes, the low-frequency slope was
positive, the value reported in our analyses was assigned the value of zero.
The numerical values for the low-frequency slope (dB/octave), which has a
negative value, are presented as absolute values only.
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The high-frequency slope (dB/octave) was computed using all the masker
frequencies above the probe frequency for which a masked threshold could be
measured (i.e., the points labeled F, G, H, J, and K). Thus, the linearIi regression coefficients were calculated using two to five or six masked
thresholds. As was the rule with the low-frequency slope, a value of zero was
reported for any high-frequency leg of the TC with a negative slope.

Values of Q10 dB may be calculated using the low- and high-frequency
slopes as described above. However, in many cases of noise damaged ears,
these calculations could result in values of Qi dB that are not representative
of the tuning exhibited by the TC. (That is, referring to Figure 11, in
certain circumstances the calculated low-frequency slope could be positive
when using our rules for slope calculations. However, the TC may exhibit some
measurable tuning since the low-frequency tail may rise above the 10 dB fence
as for example point M). Therefore, the values of Q10 dB were calculated
independently of the slopes in order tc provide a more representative estimate
of the 'tuning' of the auditory system at the siA probe frequencies iused in
this study. As noted above, the value of CF was taken as the masker frequency
immediately above the probe tone frequency. The values of f 2 and f, were
calculated using the regression coefficients obtained by using the two
adjacent points which represented the crossing of a fence 10 dB above the
masked threshold of the probe in the presence of the CF masker (e.g., points
labeled D and E were used to compute fl and points G and H to compute f 2 ).

Under some circumstances, particularly when a subject had large amounts
of PTS, values of f 2 or f1 could not be estimated accurately. An example of
this problem is the case where the masker frequency immediately above CF is
unable to mask the probe tone. Therefore, one of the two points needed for
the analysis to compute f 2 does not exist. In this case Q10 dB is not
calculated and is defined as 'missing data' in subsequent inferential
statistical analyses. The lower portion of Figure 11 gives an example of a
tuning curve for which some of the variables cannot be computed. The low-
frequency slope, computed using a regression line through the points P, Q, and
R, is positive and thus a zero slope is assigned. A high-frequency slope,
however, can be computed using points R through V. Although f, can be
computed using point3 M and N, the masking function above CF (point R) does
not go above the 10 dB line (fence). Thus, f2 and consequently Q10 dB cannot
be computed. In such situations a value of 0.000 was assigned to the Q10 dB.

I (2) ean g nlryS: An alternative approach to quantifying changes
in tuning following cochlear trauma is to obtain a group mean TC for each
probe tone frequency. Mean tuning curves for specified groups of animals were
computed by averaging the masker levels required to just mask the response to
the probe presented at 15 dB above threshold. The slopes for these mean TCs
were computed using the same rules as were applied to individual tuning
curves. However, the calculations of QI0 dB from mean tuning curves differed
from those employed for the individual tuning curves. The values f 1 and f2
for the mean tuning curves were computed using the regression variables
calculated when determining the low- and high-frequency slopes of the mean
tuning curve (instead of using only the two points adjacent to the 10 dB fence
as was done with the indivridual tuning curves). Mean TC variables were
computed on groups of animals that were partitioned into bins !ýased on the
amount of PTS that was measured in that particular animal at a particular
audiometric test frequency. The following bins were formed: PTS < 10 dB; 10
dB • PTS < 20 dB; 20 dB • PTS < 30 dB; 30 dB • PTS < 40 dB and PTS Ž 40 dB.

I
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IV. RZSULTS am DISCaS$ION

The results presented below are divided into five sections:

A. Documentation of the stimulus: Blast wave p-t profiles, amplituda
spectrum and octave band energy levels.

B. Group mean preexposuxe hearing threshold levels.
C. Effect of the independent stimulus variables: Intensity, number,

repetition rate and source.
D. An analysis of the relation between the energy spectrum of an impulse

and the measures of auditory pathology.
E. The relation among hearing loss, sensory cell loss and tuning curve

characteristics.

There are five independent variables in the experiments reported here:
(1) N, the number of impulses (lX, 1OX, 10OX); (2) impulse peak SPL (150, 155,
160 dB); (3) impulse presentation rate or interstimulus interval (ISI), (10/m,
11rM, 1/10 M); (4) impulse source (I, II, IIt, IV); and (5) audiometric test
frequency. The first four are stimulus related parameters. The independent
variables number and peak are proportional to the total energy of the
exposure, while variations in the ISI do not change the total energy. Also,
as is evident in Table 3, the energy delivered in a fixed level of a single
impulse decreases from Source I through Source IV, and the relative
distribution of energy across tht audible spectrum varies across the four
sources used (Table 5). Thus, direct comparisons among the effects oe the
source and exposure parameters on the dependent variables (PTS, OHC loss and
IHC loss) are difficult to interpret unless an approach is developed which
considers the different distribution of spectral energy in each of the
sources. Such an approach will be presented in Section D of this results
section.

A. Dn1cumentation afthej gimjli: This section documents the impulsive
(blast wave) stimuli that were produced by the four sources. The pressure-
time (p-t) wave forms along with their respective amplitude spectra shown in
Figures 12 through 15, approximate the basic free-field Friedlander (1946)
wave.

Octave band and total energy levels for each source and each exposure
condition are presented in Tables 3 through 6. The energy values, both A-
weighted and unweighted, are presented in J/m2, dB re 1J/m2 , and dB SEL in
order that comparisons could be made with other published studi-es. Bar graphs
which summarize the tabulated A-weighted octave band data are shown in Figure
16. As is evident from these data, Source I stimuli contained the most low
frequency energy with an A-weighted peak in the 0.250 kHz octave band, while
Source IV had a distribution of A-weighted energy which peaked in the 4.0 and
8.0 kHz octave bands. Sources II and III were intermediate with A-weighted
energy peaks in the 1 and 2 kHz octave bands respectively.

B. Pree2Mnsur Heing Thrs ds: The mean preexposure audiogram for
all 423 animals is illustrated in Figure 17 along with the behavioral
audibility curve published by Miller (1970). The Miller curve was corrected
for the effects of temporal integration using the data of Henderson (1969).
The error bars in this figure represent one standard deviation above and below
the mean. The mean preexposure thresholds are generally better than Miller's
(1970) behavioral data in the mid-frequency region (when corrected for
temporal integration). Lower thresholds, which have been found in other
published data, probably reflect improvements in audiometric measurement
techniques over the past 20 years.

-42-



0- (a) 150 dB peak SPL

20-

-4"0 - (

0-0
e-a.

-60 o0 Time (is) ref: 0.91 X 10.2 J/m 2/Hz

-j CO

I .1 . . .. .

CD-J0I -iC0)

6 0 T0me (ms) so ref: 1.12 x 10-2 j/m 2/Hz
-60 Tm is

S0 (c) 160 dB peak SPL

I.--20-
7T)

10-40-
e- o

6 0. 5 1

I60- Time (ms) ref: 2.66 x 10.2 J/mi2 /Hz
0a . . .1 . .... I"' . ...... 1I

0.03 0.1 0.2 1.0 2.0 5.0 10.0 20.8
i Frequency (kHz)
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I
Table 3

Total weighted and unweighted sound exposure level (dB)
for each exposure condition and blast wave source

Peak Weight Sound Exposure Level Sound Exposure Level

SPL (dB) iX loX 1O0X IX loX looX

Source I Source II

150 dB None 120.3 130.3 140.3 111.4 121.4 131.4
A 111.0 121.0 131.0 108.9 118.9 128.9

155 dB None 121.8 131.8 141.8 116.5 126.5 136.5
A 113.8 123.8 133.8 114.7 124.7 134.7

160 dB None 126.4 136.4 146.4 120.6 130.6 140.6
A 118.6 128.6 138.6 118.6 128.6 138.6

Source III Source IV

150 dB None .09.0 119.0 129.0 105.0 115.0 125.0
A 108.4 118.4 128.4 104.8 114.8 124.8

155 dB None 115.0 125.0 135.0 109.2 119.2 129.2
A 113.9 123.9 133.9 108.8 118.8 128.8

160 dB None 119.1 129.1 139.1 113.8 123.8 133.8
A 117.8 127.8 137.8 113.6 123.6 133.6

I
I
I
I
I
I
I
I
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Table 4

Total weighted and unweighted energy flux (J/m 2 ) values
for each exposure condition and blast wave source

Peak Weight Absolute Energy (J/m 2 ) Relative Energy (dB) re: IJ/m 2

SPL (dB) ix lox looX iX loX lOOx

Source I

150 None 1.06 10.64 106.42 0.27 10.27 20.27
A 0.13 1.25 12.54 -9.02 0.98 10.98

155 None 1.53 15.27 152.69 1.84 11.84 21.84
A 0.24 2.38 23.83 -6.23 3.77 13.77

160 None 4.37 43.71 437.12 6.40 16.40 26.40
A 0.72 7.25 72.48 -1.41 8.59 18.59

Source II

150 None 0.14 1.39 13.90 -8.54 1.46 11.46
A 0.08 0.78 7.79 -10.97 -0.37 9.03

155 None 0.45 4.51 45.09 -3.47 6.53 16.53
A 0.30 2.98 29.77 -5.23 4.77 14.77

160 None 1.14 11.41 114.15 0.57 10.57 20.57
A 0.72 7.17 71.69 -1.43 8.57 18.57

Source III

150 None 0.08 0.79 7.94 -11.00 -1.00 9.00
A 0.07 0.69 6.93 -11.59 -1.59 8.41

155 None 0.31 3.14 31.36 -5.03 4.97 14.97
A 0.25 2.47 24.72 -6.07 3.93 13.93

160 None 0.82 8.20 82.04 -0.86 9.14 19.14
A 0.61 6.07 60.66 -2.17 7.83 17.83

Source IV

150 None 0.03 0.31 3.15 -15.02 -5.02 4.98
A 0.03 0.30 2.99 -15.24 -5.24 4.76

155 None 0.08 0.83 8.28 -10.82 -0.82 9.18
A 0.08 0.76 7.64 -11.17 -1.17 8.83

160 None 0.24 2.42 24.23 -6.16 3.84 13.84
A 0.23 2.29 22.95 -6.39 3.61 13.61
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Table 5
Octave band unweighted and A-weighted sound exposure levels (dB)

for a single impulse generated by each blast wave source

150 dB Peak SPL 155 dB Peak SPL 160 dB Peak SPL

Octave Band Unwtg. A-Wtg. Unwtg. A-Wtg. Unwtg. A-Wtg.
CF (kHz) SEL SEL SEL SEL SEL SEL

Source I

< 0.125 109.7 98.3 111.2 98.9 116.5 96.2
0.125 117.4 100.1 118.4 101.3 122.6 106.2
0.25 115.3 107.0 117.1 108.9 121.8 113.6
0.5 107.6 103.4 109.5 105.4 114.6 110.4
1.0 99.6 99.7 102.2 102.4 106.9 107.0
2.0 101.4 102.5 104.2 105.4 109.6 110.8
4.0 98.1 99.2 105.0 106.0 110.0 111.0
8.0 88.5 87.0 101.5 100.5 106.7 105.7

16.0 90.4 86.0 98.3 94.0 103.7 39.2
> 16.0 80.0 80.0 84.8 84.8 89.5 89.5

Source II

< 0.125 102.9 70.0 106.8 102.0 111.9 107.4
0.125 95.6 80.0 102.5 88.5 107.7 93.8
0.25 105.7 95.9 109.5 100.2 113.4 104.9
0.5 102.3 98.8 108.9 105.8 112.7 109.8
1.0 103.4 103.3 110.3 110.1 114.2 114.0
2.0 101.3 102.5 106.9 108.1 109.3 110.5
4.0 101.5 102.6 105.3 106.3 108.8 109.7
8.0 96.0 94.8 99.8 98.9 106.8 105.716.0 95.4 90.8 100.0 96.2 104.4 100.6

> 16.0 97.0 97.0 99.6 99.6 104.'1 104.1

Source III

< 0.125 93.4 83.0 100.6 98.8 105.7 103.4
0.125 90.8 86.0 99.8 86.0 108.2 93.6
0.25 100.3 90.8 108.0 99.4 111.0 103.0
0.5 97.6 94.6 106.2 102.8 111.4 108.1
1.0 100.5 100.8 105.6 106.0 109.0 109.1
2.0 103.0 104.1 108.5 109.6 111.8 113.0
4.0 100.4 101.4 106.3 107.4 110.2 111.2
8.0 99.4 98.3 102.6 101.3 107.8 106.7

16.0 95.9 92.3 100.5 95.7 104.4 100.3
> 16.0 97.1 97.1 99.2 99.2 104.2 104.2

Source IV

< 0.125 92.6 92.6 84.9 84.9 94.1 94.1
0.125 84.6 68.0 74.3 57.8 78.5 62.0
0.25 79.3 70.4 58.5 49.7 75.7 66.9

0.5 75.6 71.9 82.6 78.7 86.3 82.9
1.0 83.4 83.4 89.3 89.5 92.8 92.9
2.0 91.9 93.2 95.6 96.9 100.2 101.4
4.0 100.2 101.0 104.2 105.0 109.1 109.9
8.0 10C.8 99.8 105.7 104.8 110.1 109.2

16.0 93.9 89.6 98.7 93.6 103.2 98.6
> 16.0 94.2 94.2 98.1 98.1 103.4 103.4
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Table 6

Octave band unweighted and A-weighted energy (Jim 2 )
for a single impulse generated by each blast wave source

150 dB Peak SPL 155 dB Peak SPL 160 dB Peak SPL

Octave Band Unwtg. A-Wtg. Unwtg. A-Wtg. Unwtg. A-Wtg.
CE (kHz) Energy Energy Energy Energy Energy Energy

Source I

< 0.125 0.0938 0.0068 0.1311 0.0077 0.4463 0.0042
0.125 0.5468 0.0103 0.6938 0.0136 1.8082 0.0418
0.25 0.3354 0.0497 0.5176 0.0769 1.5187 0.2279
0.5 0.0572 0.0221 0.0885 0.0344 0.2877 0.1099
1.0 0.0091 0.0093 0.0167 0.0172 0.0487 0.0497
2.0 0.0137 0.0179 0.0266 0.0350 0.0905 0.1189
4.0 0.0065 0.0083 0.0317 0.0395 0.1004 0.1259
8.0 0.0007 0.0005 0.0140 0.0112 0.0465 0.0372

16.0 0.0011 0.0004 0.0068 0.0025 0.0233 0.0084
> 16.0 0.0001 0.0001 0.0003 0.0003 0.0009 0.0009

Source II

< 0.125 0.0197 0.0000 0.0474 0.0159 0.1553 0.0549
0.125 0.0036 0.0001 0.0177 0.0007 0.0588 0.0024
0.25 0.0369 0.0039 0.0890 0.0105 0.2193 0.0309
0.5 0.0168 0.0075 0.0773 0.0382 0.1876 0.0954
1.0 0.0219 0.0213 0.1073 0.1034 0.2603 0.2530
2.0 0.0136 0.0179 0.0495 0.0650 0.0845 0.1115
4.0 0.0142 0.0180 0.0339 0.0427 0.0751 0.0944
8.0 0.0040 0.0030 0.0096 0.0078 0.0474 0.0370

16.0 0.0035 0.0012 0.0099 0.0042 0.0274 0.0114
> 16.0 . 0.0050 0.0050 0.0092 0.0092 0.0260 0.0260

Source III

< 0.125 0.0022 0.0002 0.0115 0.0075 0.0371 0.0221
0.125 0.0012 0.0004 0.0095 0.0004 0.0662 0.0023
0.25 0.0106 0.0012 0.0631 0.0088 0.1262 0.0200
0.5 0.0057 0.0029 0.0421 0.0191 0.1385 0.0649
1.0 0.0112 0.0120 0.0366 0.0397 0.0797 0.0820
2.0 0.0199 0.0259 0.0700 0.0914 0.1522 0.1980
4.0 0.0110 0.0139 0.0430 0.0546 0.1058 0.1332
8.0 0.0087 0.0067 0.0181 0.0136 0.0605 0.0472

16.0 0.0039 0.0017 0.0113 0.0037 0.0278 0.0107
> 16.0 0.0051 0.0051 0.0084 0.0084 0.0264 0.0264

Source IV

< 0.125 0.0018 0.0018 0.0003 0.0003 0.0026 0.0026
0.125 0.0003 0.0000 0.0000 0.0000 0.0001 0.0000
0.25 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000
0.5 0.0000 0.0000 0.0002 0.0001 0.0004 0.0002
1.0 0.0002 0.0002 0.0008 0.0009 0.0019 0.0020
2.0 0.0016 0.0021 0.0036 0.0049 0.0105 0.0140
4.0 0.0105 0.0127 0.0264 0.0315 0.0811 0.0975
8.0 0.0119 0.0095 0.0375 0.0299 0.1030 0.0841

16.0 0.0024 0.0009 0.0073 0.0023 0.0207 0.0073
> 16.0 0.0026 0.0026 0.0065 0.0065 0.0219 0.0219
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Figure 17. Mean preexposure thresholds for the 423 chinchillas used in

this study.

The preexposure thresholds for the animals exposed to each source are
presented in Table 7 and illustrated in Figure 18. There was a statistically
significant frequency main effect (F - 754.84, df - 5/2095, p < .05) that was
anticipated on the basis of our previous knowledge of the chinchilla audiogram
(Fay, 1988). Both the main effect of source (F - 41.96, df - 3/419, p < .05)
and source by frequency interaction (F = 8.50, df = 15/2095, p < .05) were
statistically significant. Since the significant interaction indicated that
the preexposure thresholds for some groups differed at some frequency or
frequencies, we must 13e concerned whether differing preexpisure thresholds may
contribute to differences in the dependent measures. The dependent
audiometric variables that are employed in this study are maximum threshold
shift (TSma,) and permanent threshold shift (PTS). Each of these variables is
computed by subtracting th6 preexposure from the postexposure thresholds.
Thus, each animal serves as its own control subject. Since the audiological
dependent measures (TSmax, PTS) are computed as a difference between an
audiological measurement and preexposure threshold, it is unlikely that
differences in preexposure thresholds would have any effect on these variables
(see also Humes, 1984). As can be seen in Figure 18, animals exposed to the
Source I impulses had thresholds that were on average approximately 5 dB '
poorer than the remaining three groups. The reason for this difference is
that since the Source I animals w.r.a run, we have initiated stricter criteria
for acceptable preexposure thresholds which each animal must meet, in order to
continue in the experiment. The reason for this more restrictive screening
was to avoid using animals that may have had preexisting lesions or poor
electrode placement.
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Figure. 18. Mean preexposure audiograms for animals exposed to the four

impulse noise sources.

C. Jh Eftat !2 th Tn apndenZ Stimu~lusa 3Vari-akl. =n Trauma!
SNum r Rate A= R: A conventional descriptive

presentation of the entire data set showing the effects of the independent
stimulus variables on TSmax, PTS, OHC loss and IHC loss was presented in the
following annual reports: ADA 206-180, ADA 203-854, ADA 221-731, ADA 228-368
and the fifth year report for which an ADA number is not yet available. These
reports include the descriptive statistics, analysis of variance and a
graphical representation of the group mean data. This section is organized
into two parts; (1) a summary of the effects of repetition rate which
concludes with a rational for why we have chosen to collapse the data across
the ISI variable in the subsequent analysis of the effects of number and
intensity and (2) an analysis of the number, intensity and source variables in
which we have attempted to interrelate and compare auditory effects across
these three variables. This section illustrates the reasons why the more
appropriate approach to the data analysis is one which focuses on an energy
analysis rather than on peak and number separately.

(1) Tnplst Presentati e R : The independent variable of frequency is the
only within-subjects variable. For each source, the experimental design did
not lend itself to a typical four factor mixed design analysis of variance
since there was no rate variable for the three groups exposed to a single
impulse. Therefore, several different analyses were performed on each of the
four dependent variables. Since the rate variable could not be applied to an
analysis which included all groups, the rate variable was analyzed as one
variable in a three-factor mixed-design analysis of variance with impulse peak

I
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Table 7

Preexposure threshold means (dB) and standard deviations (dB) for each source

Test Frequency (kHz)

Source N 0.5 1.0 2.0 4.0 8.0 11.2 16.0

I 109" 19.6 9.6 13.7 6.0 19.1 19.7 24-.6 X
6.6 6.1 6.1 6.7 7.8 8.9 9.7 s

II 105 21.4 4.2 7.7 -0.3 14.2 14.6 22.0
6.0 5.8 6.1 7.6 7.1 8.3 9.6 s

III 105 17.3 2.2 6.0 -2.0 13.5 12.4 21.5
5.8 6.4 6.1 6.4 6.8 8.0 8.4 s

IV 104 19.6 2.5 8.8 -2.5 14.0 12.4 21.8 R
5.2 5.1 5.7 6.6 6.6 7.3 7.3 s

All Animals 19.49 4.68 9.1 0.36 15.24 14.83 22.12 X
6.1 6.57 6.65 7.62 7.45 8.66 8.69 s

Miller (1970) 5.1 3.0 2.7 1.9 5.8 9.9 12.1 "
(750 ms) signals 6.1 4.1 4.7 7.1 5.4 6.7 6.9 s

36 36 36 36 36 34 36 N

Miller (1970) 16.2 14.1 13.8 13.0 16.9 21.0 23.2 X
corrected for
temporal integration

* Measurement at 16.0 is based on data from 45 animals.

and frequency as the other two factors. In other words, two separate three-
factor analyses were performed, the first on the groups exposed to 10
impulses, and the second on the groups exposed to 100 impulses. Thus, each of
the analysis was performed only upon those groups that were exposed to an
equal number of impulses. The following represents a summary of the results
of the analyses:

(a) S Jrc I: There were no statistically significant main effects of
rate in the 1OX exposures. However, there was a statistically significant
interaction between rate and frequency for the OHC and IHC losses and a three
way interaction between level, frequency and rate for the OHC losses in the
10OX exposures. An examination of the mean cell loss data for the 1OOX
exposures suggested that the 10/m rate was most hazardous for the 155 and 160
dB exposures but that the 1/mr rate was most hazardous for the 150 dB
exposures. As indicated by the interactions these results are dependent upon
audiometric test frequency.

(b) Sou= I1: There were no statistically significant main effects of
impulse presentation rate in any of the analyses. However, there were
significant interactions between presentation rate and frequency. A
significant interaction between rate and frequency in the percent outer hair
cell losses in groups exposed to 100 impulses suggested that the faster zates
(10/m) were more hazardous than the slower rates. However, a parallel
analyses of the groups exposed to 10 impulses showed a different pattern of
interactions. When examining these groups, it was apparent that the groups
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I
exposed to the intermediate rate of one impulse per minute showed the greatest
amount of damage at 155 dB but the least damage overall at 160 d13. Thus, in
general a systematic or consistent effect of impulse presentation rate could
not be extracted from the data from Source II.

(c) Sourn.p I: The main effect of impulse presentation rate was
statistically significant for only the percent outer hair cell losses for
those groups exposed to 100 impulses. In these groups, the faster impulse
presentation rate caused the greatest amount of damage. There were
significant interactions between presentation rate and frequency. A

significant interaction between rate and frequency in the percent outer hair
cell losses in groups exposed to 100 impulses showed a different pattern of
interactions. When examining these groups, it was apparent that the groups
exposed to the intermediate rate -f one impulse per minute either caused the
gteatest damage or was almost as damaging as the faster rate. The
statistically significant interaction of rate and frequency for PTS in groups
exposed to 100 impulses shows that the fastest rate caused the most hearing
loss at the middle and upper frequency regions.

(d) souc a Zv: The main effect of impulse presentation rate was not
statistically significant for any of the analyses for subjects exposed to 10
impulses, but was statistically significant for all audiometric and
histological variables for groups exposed to 100 impulses. In these groups,
the faster impulse presentation rate caused the greatest amount of damage.
There were also significant interactions between presentation rate and
frequency for the groups exposed to 100 impulses. A significant interaction
between rate and frequency for PTS and both histological variables suggested
that the faster rates (10/m) were more hazardous that the slower rates. There
were no statistically significant interactions involving rate in any of the
analyses of groups exposed to 10 impulses.

Thus, based upon an analysis of variance, there was not a clear and
consistent effect of impulse presentation rate on PTS and sensory cell losses
across the four impulse sources used. This lack of a clear relation is
probably the result of the highly variable effects of the exposures on PTS and
cell loss which may have masked the effects of the rate variable.

An alternate objective approach to determining the effect of impulse rate
was obtained by computing the mean PTS evaluated at 1, 2 and 4 kHz ( PTS 1 , 2, 4)
and comparing the means across the various groups exposed to the different
impulse rates. Table 8 presents the summary of such an evaluation.

In addition to the above quantitative evaluation of the effect of the
rate variable, a subjective evaluation was also made based upon a decision of
which of the three rates caused the most hearing loss or cell loss. The
results are shown in Table 9. The term "mixed" indicates an exposure for
which no clear determination of the most hazardous exposure could be made.
Multiple contrasts may be performed on individual means to determine which
groups showed the greatest losses at individual frequencies. However, visual
inspection of the mean data also provides an indication of which groups are
most severely damaged by the impulse noise exposures. The conclusions made
from the visual inspection are unlikely to be appreciably different than those
made using a large number of msitiple contrasts.

The results shown in Tables 8 and 9 differ for some exposure conditions
because the sensory cell losses did not necessarily correlate perfectly with
the PTS measure. It appears that the effects of ISI over the range of

I
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Table 8

Summary evaluation of the exposure producing the largest mean
PTS evaluated at 1, 2 and 4 kHz, based upon repetition

rate of the impulse

Source I Source II Source III Source IV

150 dB 1OX I/m 1/10m 10/M 1/10m
150 dB 10OX 1/m 10/M 1/m 10/M
155 dB 1OX 1/m 1/m 1/m 1/m
155 dB 100X 10/mr 10/M 10/M 10/M
160 dB lOX 10/m 1/10m 1/m 1/mr
160 dB 10OX 10/m 10/M 10/m 10/M

Table 9

Sulmiary evaluation of the exposure producing the greatest degree of
trauma based upon the repetition rate of the impulse. Trauma is

estimated on the basis of PTS or sensory cell loss.

Source I Source II Source III Source IV

150 dB 1OX mixed mixed mixed 1/10m
150 dB 100X 1/m mixed mixed mixed
155 dB 1OX 1/m 1/m mixed 1/m
155 dB 10OX mixed 10/rn 10/M 10/m
160 dB 1OX 10/1C mixed mixed mixed
160 dB 10OX 10/M 10/Mr mixed 10/M

variables used in these studies tend to be "masked" by the variability in the
dependent measures. However, despite some inconsistencies in the above
analyses there is a general trend for the fastest rate (10/m) to cause the
greatest amount of trauma; especially for the most severe exposure conditions.

On the basis of the analysis of variance presented in the earlier
reports, it was apparent that the effects of the different impulse
presentation rates was, at best, a marginal statistical effect. Thus, a
decision was made to evaluate the data on peak, number and source by
collapsing the data across the rate variable. This effectively increased the
number of animals at each sound exposure level to 15 except for the 1X
exposure conditions.

(2) & warinn aetween thl Ffzta DI Numbe A TI Aroja2s the
Four Suirces: In order to summarize the large body of data acquired in these
experiments in a manner that illustrates as clearly as possible the effects of
intensity, number and source, the following approach was taken: For each
audiometric test frequency (0.5, 1.0, 2.0, 4.0, 8.0 and 16.0 kHz) a "scatter
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graph" of each individual animal's PTS, OHC loss* and IHC loss* at that
frequency was plotted for each source as a function of the peak SPL of the
impulse for each N and as a function of the number of impulses for each peak
SPL. This exercise resulted in 432 separate scatter plots [i.e., 4 sources x
6 frequencies x 3 dependent variables (PTS, OHC, IHC) x 6 (2 independent
variables, N and Peak, taken at 3 values each)]. A sample of a few of these
plots is shown in Figures 19 through 22. One of the most obvious features of
this presentation of the data is the very large variability in the dependent
measures across animals exposed to the same stimuli. The variability
increases as the severity of the exposure increases. In order to analyze
these data in a manner that would be appropriate for developing relationships
for use in establishing exposure criteria, it was decided to establish a 90th
percentile poin. '790; OHC90; IHC9o) for each of the three dependent data
sets in each set -- scatter plots. For example, the 90th percentile, PTS90 at
any frequency was computed from:

PTSgo = X + st. 10

where, X is the group mean PTS; t. 1 0 is the value of t below which 90% of the
PTS data lies; s is the group standard deviation. A similar calculation was
performed to compute OHC90 and IHCg0. A linear regression line was then drawn
through each of these sets of three 90th percentile points. These linear
regression lines clearly show that the severity of trauma increases as the
energy of the exposure increases either as a result of increasing the peak SPL
or N. For each of the linear regression lines a slope was computed as well as
the dependent variable coordinate (y-intercept) for the exposure condition
having the least energy based upon either N or peak. A listing of the slopes
and intercepts that were computed for each of the regression lines in each of
the "scatter" graphs is presented in Tables 10 through 15, and the results are
shown plotted as a function of audiometric test frequency for each source in
Figures 23 through 34. These twelve figures summarize, in a highly reduced

manner, all the audiometric and histological data that were acquired from all
the exposure conditions. Figures 23 through 34 need to be "read" in slope-
intercept pairs (i.e., Figure 23 together with 24; Figure 25 with 26, etc.) in
order to properly interpret the data and to make comparisons across exposure
conditions. For example, the slopes for the higher energy exposures can be
very low while the intercepts can be relatively high indicating that the
dependent variable is reaching an upper bound typically on the order of 40-50
dB for PTS measures and 100% for cell loss measures, while the low energy
exposures tend to be coupled with high slope values but low intercepts. Also,
it should be noted that for some exposure conditions (especially at lower
total SEL's) or some test frequencies the regression line could have a
negative slope which was indicative of a set of three exposure conditions
which produced no significant trauma. In these situations the negative slope
was the result of sampling error, and a value of zero was accepted as the
slope.

In analyzing these figures it is also important to note that the dynamic
range of the impulse peaks is only 10 dB while there is a two decade (i.e., 20

dB) range in N over which slopes were computed from the regression lines.
Although as previously explained, even though the data were collapsed across
the ISI variable, we are still faced with trying to interrelate measures of
trauma with N, peak and source at different audiometric test frequencies,
i.e., a 5-dimensional data space. Because of the number of variables

* Cell losses were computed as a percent loss over an octave band "length" of

the cochlea centered at that audiometric test frequency.

I
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Figure 19. The PTS measured at 1.0 kHz In Individual animals exposed to 10
impulses at one of the three levels shown (150, 155 or 160 dB
peak SPL) for each of the four Impulse noise sources. The so-lid
line represents the linear regression through the 90th percentile
points In the P2'S distribution for each of the three exposure
energy levels.
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Figure 21. The percent outer hair cell loss (OHC) computed over the octave
band length of the cochlea centered at 1.0 kHz for individual
animals exposed to 10 impulses at one of the three levels shown

(150, 155 or 160 dB peak SPL) for each of the four impulse noise
sources. The solid line represents the linear regression

through the 90th percentile points in the OHC distribution
for each of the three exposure energy levels.
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Figure 22. The percent outer hair cell loss (OHC) computed over the octave
band length of the cochlea centered at 1.1. kHz for individual
animals exposed to 1, 10 or 100 impulses presented at 155 dB
peak SPL for each of the four impulse noise sources. The

solid line represents the linear regression through the 90th
percentile points in the OHC distribution for each of the
three exposure energy levels.
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Figure 23. The slope of the regression line drawn through the 90th
percentile points at each audiometric test frequency for all
animals exposed to a single (IX) impulse at 150, 155 or 160 dB
peak SPL showing for each source the Increase in (a) PTS,
(b) percent outer hair celi, loss and (c) percent inner hair
cell loss for each dB increase in tlhe peak SPL of the impulse.
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Figure 24. The predicted (a) PTS, (b) percent outer hair cell loss and

(c) percent inner hair cell loss at each audiometric test
frequency following exposure to a single (1X) impulse at
150 dB peak SPL for each source. The value of each dependent
variable is taken from the regression line drawn through the
90th percentile points relating that dependent variable to the
peak SPL for an exposure to a single impulse.
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Figure 25. The slope of the regression line drawn through the 90th
percentile points at each audiometric test frequency for
all animals exposed to 10 impulses at 150, 155 or 160 dB
peak SPL showing for each source the increase in (a) PTS,
(b) percent outer hair cell loss and (c) percent inner hair
cell loss for each dB increase in the peak SPL of the impulse.
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Figure 26. The predicted (a) PTS, (b) percent outer hair cell loss and
(c) percent inner hair cell loss at each audiometric test
frequency following exposure to 10 impulses at 150 dB peak
SPL for each source. The value of each dependent variable
is taken from the regression line drawn through the 90th
percentile points relating that dependent variable to the
peak SPL for an exposure of 10 impulses.
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Figure 27. The slope of the regression line drawn through the 90th
percentile points at each audiometric test frequency for
all animals exposed to 100 impulses at 150, 155 or 160 dB
peak SPL showing for each source the increase in (a) PTS,
(b) percent outer hair cell loss and (c) percent inner hair
cell loss for each dB increase in the peak SPL of the impulse.
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Figure 28. The predicted (a) PTS, (b) percent outer hair cell loss and
(c) percent inner hair cell loss at each audiometric test
frequency following exposure to 100 impulses at 150 dB peak
SPL for each source. The value of each dependent variable
is taken from the regression line drawn Chrough the 90th
percentile points relating that dependent variable to the
peak SPL for an exposure of 100 impulses.
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Figure 29. The slope of the regression line drawn through the 90th

percentile points at each audiometric test frequency for
all animals exposed to 1, 10 or 100 impulses at 150 d8
peak SPL showing for each source the increase in (a) PTS,
(b) percent outer hair cell loss and (c) percent inner hair
cell loss for each decade increase in the number of impulses.
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test frequency following exposure to a single impulse at
150 d8 peak SPL for each source. The value of each dependent
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Figure 32. The predicted (a) PTS, (b) percent outer hair cell loss
and (c) percent inner hair cell loss at each audiometric
test frequency following exposure to a single impulse at
155 dB peak SPL for each source. The value of each dependent
variable is taken from the regression line drawn through the
90th percentile points relating that dependent variable to
the number of impulses presented at 155 dB peak SPL.
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Figure 33. The slope of the regression line drawn through the 90th
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all animals exposed to 1, 10 or 100 impulses at 160 dB
peak SPL showing for each source the increase in (a) PTS,
(b) percent outer hair cell loss and (c) percent inner hair
cell loss for each decade increase in the number of impulses.

-78-



I

20 1 .. ..
-U- Source I
-*. Source II

Source III

S10 -- Source IV

C/)|C 0-0

I . (a)

I 20

CO,

0

10-

* 00
0-I

-10 (b)
* 20-

I m10-
0

-0I •oI

I-.0o (C) L
0.12 0.2 0.5 1.0 2.0 5.0 10.0 20.8I Frequency (kHz)
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test frequency following exposure to a single impulse at
160 dB peak SPL for each source. The value of each dependent
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involved, it is difficult to make generalizations regarding the effects of any
single variable, however, the foi. !.ng points can be deduced from Figures 23
through 34: (a) There are cleaf .ec*uency effects resulting from the
distribution of energy in a givk itpuise as well as from the different
spectral distribution of energy Th the impulses generate1 by the four
different sources. (b) Trauma 'o tho, auditory system c.Learly increases as
either N or peak levels of the ir.toulse are increased. Over the range of
parameters used, there i5 no clear indication that either peak or N is the
more important variable in producing trauma. However, at some audiometric
test frequencies and for large N, increases of the peak level over a 10 dB
range produce more severe trauma than does a 10 dB increase in N. This effect
is most noticeable for tIhe 160 dB peak SPL exposures. The implication is that
in a cochlea that is "stressed" by a large number of impulses, an increase in
the peak of the impulse will produce disproportionate increases in trauma.
Part of the reason for this effect lies in the fact that all the IX exposures
were relatively non-traumatic and a 10 dB increase in N did not produce a
similar growth in trauma that a 10 dB increase in peak does for the 10OX
exposures. Such comparisons are, however, tenuous since the total energies of
the exposures that are being compared are not equa.l. (c) When the slopes are
compared for exposure conditions that vary from lower to higher energy
exposures at a fixed frequency, the slopes vary from low to near zero values
through a maximum and then at the highest energy exposures the slopes return
to zero values again. The corresponding trend for the intercepts is to
monotonically increase. Thus, there is the indication that trauma develops,
not surprisingly, in a "ogive-like" manner, i.e., follows a function of the
approximate form

y (trauma) - [1 + e(t-4/c]"1

where x is proportional to the energy of the exposure and b and c are
constants (probably frequency dependent). There is also the suggestion that
the maximum slope of the above function may occur at the stimulus frequency
having the greatest (weighed?) energy. Depending upon the value-of the
variables b and c, such a relation between trauma and exposure energy can be
related to the idea of the "critical luvel" discussed in the Background
Section.

In order to affect a further simplification and reduce the number of
variables, audiometric test frequency was eliminated by using as measures of
trauma, the mean PTS evaluated at 1, 2 and 4 kHz and the total OHC and total
IHC loss. A set of 72 scatter graphs was generated and slopes and intercepts
again plotted. Four typical *-xamples of the scatter graphs are shown in
Figures 35 through 38, while slopes and intercepts are shown in Tables 16 and
17. The data in these tables is shown plotted ir Figures 39 through 50.
Reduced in this manner, the data show (1) strong source effects, (2) clear
increases in trauma as N and peak increase and (3) for large N, increasing the
peak level over a 10 dB range produces more severe trauma than does a 10 dB
increase in N for the 1.60 dB peak exposures.

As a result of the foregoing analyses, it became evident that within the
range of parameters studied that the effects on trauma of increasing N or the
peak SPL were not clearly decipherable and that the most advantageous approach
to the analysis of this data would be an energl based approach where the
contributions of N and peak to the total energy of the exposure were clear.
Furthermore, an energy based analysis reduces the number of variables. This
is the approach fcliowed in the following section.
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Figure 36. The mean PTS measured at 1, 2 and 4 kHz for each animal exposed
to 1, 10 or 100 impulses at 155 dB peak SPL for each of the four
impulse noise sources. The solid line represents the linear
regression through the 90th percentile points In the mean PTS
distribution for each o. the three exposure eaergy levels.
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Figure 37. The percent total outer hair cell loss (ORC) for individual
animals exposed to 100 impulses at one of the three levels shown
(150, 155 or 160 dB peak SPL) for each of the four impulse noise
sources. The solid line represents the linear regression
through the 90th percentile points in the OHC distribution
for each of the three exposure energy levels.
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Figure 39. The slope of the regression line drawn through the 90th

percentile points of the mean PTS measured at 1, 2 and
4 kHz fo.r animals exposed Co 1, 10 or 100 impulses at
150, 155 and 160 dB peak SPL for each source.
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Figure 40. The predicted PTS1, 2 , 4 following exposure toa single impulse
at the indicated peak SPL. The value of PTS2,2,4 was
obtained from the regression line through the 90th
percentile points relating the measured PTSI,4 4 to the
number of impulses presented at 150, 155 or 1260 dB peak SPL.
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Figure 41. The slope of the regression line drawn through the 90th
percentile points of the total percent outer hair cell
loss for animals exposed to 1, 10 or 100 impulses at 150,
155 and 160 dB peak SPL for each source.
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Figure 42. The predicted total percent outer hair cell loss following
exposure to a single impulse at the indicated peak SPL. The
values plotted were obtained from the regression line through
the 90th percentile points relating the measured #OHC loss to
the number of impulses presented at 150, 155 or 160 dB peak SPL.
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Figure 45. The slope of the regression line drawn through the 90th
percentile points of the mean PTS measured at 1, 2 and
4 kHz for animals exposed to 150, 155 or 160 dB peak SPL
impulses for N's of 1, 10 and 100 impulses for each source.
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Figure 46. The predicted PTS1, 2,4 following exposure to 150 dB impulses.
The value of PTS1, 2, 4 was obtained from the regression line
through the 90th percentile points relating the measured
PTSI, 2, 4 to the peak SPL of the impulse for 1, 10 or 100
impulses.
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Figure 47. The slope of the regression line drawn through the 90th
percentile points of the total percent outer hair cell
loss for animals exposed to 150, 155 or 160 dB peak SPL
impulses for N's of 1, 10 or 100 impulses for each source.
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.Figure 48. The predicted total percent outer hair cell loss following
exposure to 150 dB impulses. The values plotted were
obtained from the regression line through the 90th percentile
points relating the measured %OHC loss to the peak SPL of the
impulse for 1, 10 or 100 impulses.
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Figure 50. The predicted total percent inner hair cell loss following
exposure to 150 dB Impulses. Th~q values plotted were
obtained from the regression line through the 90th percentile
points relating the measured *XHC loss to the peak SPL of the
Impulse for .1, 10 or 100 impulses.
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D. 2he £Raiatinn B~etan .the EnArg pgt DIazz = T3f l mn1a. Aa AuditQxZ
Taum&: The following analysis illustrates an approach to the reduction of
the previously discussed data that is somewhat different from that which has
been attempted in the past. It is an approach that develops a direct relation
between frequency specific measures of PTS and sensory cell loss and the
frequency-domain representation of the impulse. The results of this approach
can be directly related to the Price (1983) model and can also be used to
estimate the permanent effects of traumatic impulse noise exposure in a manner
similar to that proposed by Kryter (1970) for estimating TTS after an impulse
noise exposure.

As in the previous section all the data has been collapsed across the ISI
variable for the reasons specified. This effectively increased the number of
animals at each sound exposure level to 15 except for the lX exposure
conditions. ISI does not affect the total SEL of the exposure which, for each
source, is directly related only to the peak SPL and to the number of
impulses.

The following procedure was used for the analysis of the PTS, OHC loss
and IHC loss data: For each audiometric test frequency, a plot of the
int'ividual animal PTS, OHC loss or IHC loss at that frequency as a function of
tnh total unweighted sound exposure level in the octave band centered on that
test frequency was prepared for each source. Some typical examples of this
display of the data at 1 kHz for each source are shown in Figures 51 and 52.
The actual number of data points in Figures 51 and 52 is less than the actual
number of animals used since a number of animals had the same data coordinate.
Using data. sets such as those shown in Figures 51 and 52 the 90th percentilehearing loss (PTSg0) or cell loss (OHC 90, IHCg0) was computed as previously
described for each sound exposure level at each octave frequency from 0.5 to
16 kHz.

This procedure yields a maximum of nine percentile points; one for each
of the nine distributions of data along the SEL axis of Figures 51 and 52,
(i.e. three peak levels x three numbers of impacts). A linear regression line
using these nine points was then computed. In many cases, the animals in the
groups exposed to only a single impulse did not show a PTS (or OHC, IHC loss)
statistically different from zero at some frequency, and including these
points in the least squares regression would artifactually decrease the slopeof the regression line. In these cases, only the highest energy exposure for
which a PTS (or OHC, IHC loss) was not significantly greater than zero was
used in computing the regression line. Most often this "zero anchor" point
was the IX, 160 dB peak SPL group, since in general all the lX exposures
proved to be relatively non-traumatic and the 160 dB exposure had the highest
SEL of the 1X exposures. Thus the regression line could be computed on a
minimum of seven or a maximum of nine points. This exercise was repeated for
each of the six octave test frequencies and for each of the four sources. Theentire procedure was repeated for OHC percent loss and IHC percent loss. From
this set of 72 regression lines, the following relations could be obtained:
(1) the threshold sound exposure level, Eo(f), at each frequency for which 90%
of the exposed population will have no PTS or sensory cell loss (i.e., the x-
intercept of the regression line); and (2) the rate at which r:q90, OHCg0 or
IHC90 increases as the sound exposure level is increased above che threshold
level at each frequency (i.e., the slope of the regression line). Two otheruseful relations that can be obtained from (1) and (2) above are: the total
sound exposure level in a given octave vand required to produce a criterion
'level of PTS90, OHC90 or IHC90 at that octave band center frequency or
conversely the PTS or cell loss that will not be exceeded by 99% of the
exposed population for a specified exposure level in each octave band.
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Figure 51. The PTS measured in individual animals at 1.0 kHz for all the
animals exposed to impulses from the four different sources as
a function of the total sound exposure level in the 1.0 k)z
octave band of each exposure condition. The solid line
represents the linear regression through the 90th percentile
points in the PTS distribution for each exposure energy level.
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Figure 52. The percent outer hair cell loss (OHC) in the octave band length
of the cochlea centered at 1.0 kHz for all the animals exposed to
impulses from the four different sources as a function of the total
sound exposure level In the 1. 0 kmz octave band of each exposure
condition. The solid line represents the linear regression through
the 90th percentile points in the ORC distribution for each exposure
energy level.
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The results of the trauma versus energy analysis just described are
summarized in Figures 53 and 54, and the slope and intercept values tabulated
in Table 18. These figures illustrate the slope of the regression line and
the intercept of this line with the abscissa for the three indices of trauma,
PTS, OHC loss and IHC loss. That is, the figures illustrate: (1) how hearing
loss and cell loss grows with increasing stimulus energy across the range of
audible frequencies for the four classes of impulses and (2) the threshold
energy, Eo(f), below which there should be no PTS or sensory cell loss
incurred in 90% of the exposed population. The following generalizations can
be made from these figures: (1) At a given audiometric test frequency,
hearing loss grows at a rate of between 0 and 3 dB of PTS for each dB increase
in stimulus energy in that particular octave band while sensory cell losses
grow at the rate of between 0 and 5% of loss per dB SEL. The above growth
rates differ between sources and for each source the rates vary as a function
of the audiometric test frequency.

The distinct trend in the growth rates is for the rates to be highest in
the region of the spectral peak of the impulse and to fall off on either side.
This fall off is greatest on the low frequency side of the spectral peak and
very gradual or near zero on the high frequency side. The suggestion is that
for a given impulse, hearing pathology will develop throughout the cochlea
basalward of the spectral peak of the impulse. Thus, for Sources II and III
whose spectral peak is in the 1-2 kHz region of the cochlea, the pathology is
severe in the 1-2 kHz region and basalward of this region. While for Source
IV, whose spectral peak is in the 4-8 kHz region peak, the pathology develops
in the 4-8 kHz region and at higher frequencies, but falls -f rapidly for the
lower frequencies. Source I was interesting in that the gieral configuration
of the slope-frequency function was similar to that of Source II and III, but
was lower by 1-2% OHC loss/dB SEL across the range of test frequencies.
Surprisingly this was also true at the high frequencies in the PTS/dB SEL
function. Thus although the low frequency source had roughly the same energy
as the other three sources at the higher frequencies, the slopes across all
three measures of pathology were lower.

There was a surprising consistency in the threshold SEL at which trauma
begins to develop for all three indices of trauma. For Sources I, II and III
the threshold is around 105 dB SEL and is relatively independent of frequency.
For Source IV, the threshold of trauma for frequencies above 2 kHz is also
around 105 dB but falls off rapidly at and below 2 kHz. The Source IV
impulses have the least energy below 2 kHz and the slope-frequency function is
relatively flat and thus the SEL--intercept rapidly decreases. The thresholds
for IHC loss tend to be more variable than PTS and OHC loss thresholds across
both the source and frequency variables.

Using the data embodied in Figures 53 and 54, the amount of PTS, OHC loss
and IHC loss at each test frequency that will not be exceeded by 90% of the
exposed population, for a fixed amount of energy, can be estimated. The
result of this exercise is shown in Figure 55 for a criterion SEL of 120 dB.
The data in this figure indicate that: (1) the level of PTS generally
increases with increasing frequency and (2) Source I generally produces the
lesser amount of PTS, while Source III the greatest amount of PTS across the
range of test frequencies. This figure also shows quite clearly that all
energy is not equal in its ability to produce a PTS. At a given frequency, a
120 dB SEL in an impulse produced by Source III consistently produces more PTS
than the same SEL from Source I by as much as 10 dB. At 2 and 4 kHz the
differences in PTS between Sources I and IV are around 15 dB for the same SEL.
Similarly, differences exist across sources for OHC and IHC loss. An
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Figure 53. The slope of the regression line drawn through the 90th

percentile points at each audiometric test frequency for
all animals and each source showing the increase in (a) PTS,
(b) percent outer hair cell loss and (c) percent inner hair
cell loss for each dB increase in SEL.
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hair cell loss and (c) percent inner hair cell loss at
each audiometric test frequency to the total SEL of the
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alternate way of stating this observation is that the energy, in a particular
octave band, transported by an impulse whose spectral peak is at the very low
end of the spectrum is less effective in producing a PTS than is the same
amount of energy in the same .ctave band, transported by an impulse whose
spectrum peaks at a higher frequency. One of the surprising features of the
data presented in Figure 55 is the general absence of a "most sensitive"
frequency in the sense indicated by Price (1983). Rather, the general
impression is that there is an increase in susceptibility to trauma from the
lowest to the highest audiometric frequencies and that tnis effect is further
accentuated by 5 to 10 dB for the impulse produced by Source III (i.e., the
source producing the impulse with the spectral peak located in the 2 kHz
octave band frequency).

For a point of comparison, it should be noted that Sources I and II of
this report produce impulses very similar to those produced by the 105-mm
howitzer and the M-16 rifle, respectively, as reported by Price (1983). In
the Price experiments, while the cat was used as the animal model, the
conditions of the exposure were a subset of those described in this report.
Although the audiometric techniques differed, the distribution of individual
animal PTS and the degree of variability are similar. However, because of the
the differences in the manner in which the data are presented, detailed
comparisons between the two studies are difficult to make.

These same data were also analyzed by comparing the slopes and the SEL-
intercepts of the linear regression line through the 90th percentile points of
the distribution of individual animal PTS 1, 2, 4 and total sensory cell loss as a
function of the total SEL for each exposure condition and source. The slope,
in units of dB PTS1 , 2,,IdB SEL, %OHC loss/dB SEL or %IHC loss/dB SEL for each
of the respective dependent variables along with the threshold energy level
Eo(f) in dB for the on-set of trauma (SEL-intercept) are shown in Figure 56.
As in the previous analysis in which test frequency was an independent
variable, it is apparent that while the energy in a given exposure condition
for Source I through IV continuously decreases, the threshold energy at which
trauma begins to develop is highest for Source I and lowest for Source IV.
This result clearly indicates the need to apply a frequency weighting function
to the impulses before they can be evaluated for their relative effects on the
auditory system. The difference in Eo(f) between Sources I and IV shown in.
Figure 56 implies that the appropriate weighting function should show an
approximately 15 dB differential for frequencies between 0.25 and 4.0 kHz.

The slopes of the various regression lines for each source and for each
dependent variable also show some differences, but these differences are not
very large, being on the order of approximately 1 dB PTS 1, 2, 4/dB SEL or 1.5%
OHC loss/dB SEL. The effects are consistant across the three dependent
variables. However, over a 10 dB increment in SEL damage to the auditory
system can accumulate to yield a significant increase in trauma. The
implication of these differences is that the growth of trauma is dependent not
only on the total energy (weighted or unweighted) of the exposure, but is also
dependent on the frequency distribution of the energy. That is, all energy is
not equal; rather the effect of the amount of energy in a certain octave band
is going to be dependent upon how the energy in the other octave bands is
distributed.

While the above presentation of data for several different sources
neglects some of the known characteristics of noise-induced hearing loss such
as the half-octave shift, it is an approach thac can be used to place bounds
on the amount of pathology that can be evpected from an impulse noise exposure
on the basis of the spectral distribution of the energy of the exposure. If
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I
such an analysis is perlormed ou a sufficiently large body of PTS and cell

loss data obtainer from sources which cover the range of audibility in their
spectral peaks, upper and lower bounds on the indices of trauma can beI established for th-e chinchilla. Such an approach would be quite similar to
that suggested by Kryter (1970) except that PTS rather than some measure of
TTS would be predicted.

I 21M __ _ Ao Hearin Lo. S fell Lo.g ad T .uryp.
Characteristics: ?igure 57 illustrates the mean preexposure AEP TC's obtained
on a total sample of 294 chinchillas at the probe frequencies of 0.5, 1.0,
2.0, 4.0, 8.0 and 11.2 kHz. The ordinate and abscissa represent the intensity
and frequency, respectively, of a continuous tone that just masks the probe
tone which is indicated with a solid symbol. (Although 294 animals
constituted the populý'tion, tuning curves at some frequencies in a few animals
were not measured for a variety of reasons, thus somewhat smaller sample sizes
are to be found in the pre- and postexposure data. In the data plotted inFigure 57 the total -a-mple size used in each calculation is shown.) The mean

preexposure Q10 ,3 and the slopes of these AEP tuning curves are similar to
those reported by Salvi et al. (1982c) for the chinchilla. The sharpness of
tuning and the low- and high-frequency slopes increase as the signal frequency
is increased. The SLF ranged from approximately 21 to 50 dB/octave and the SHF
ranged from approximately 27 to 95 dB/octave. This range of slopes is also in
general agreement with the published behavioral data on the chinchilla (Salvi
et al., 1982c) . Table 19 presents the numerical values of Q10 dB, SLF, and SHF,
for the entire population of preexposure tuning curves. The values shown were
calculated using both the mean statistic and the mean tuning curve. There is
a reasonably good agreement between the tuning curve variables calculated
using the two different methods. Since the pattern of results obtained using

the mean statistic of the individual tuning curves and the mean tuning curve
statistic was similar, (Tables 19 through 22) the remaining figures present
the analysis of the TC variables calculated from the mean tuning curves.

To get a visual impression of how the TC's chanqe as PTS increases each
animal was segregated at each frequency by the amount of PTS that the animal
incurred. Bins containing animals "hat had PTS < 10 dB, 10 5 PTS < 20,
20 5 PTS < 30, 30 5 PTS < 40 and PTS > 40 dB, were foimed for each probe
frequency and mean tuning curves computed for each group. The results of this
organization of the postexposure TC data are shown in Figure 58. From this
figure the effect oZ an increasing PTS on the morphology of the mean TC at
each probe frequency can be seen. When PTS is less than 10 dB, the morphology
(namely the Q10 dB the SHF and SLF) is virtually identical to the mean
preexposure TC. In the 10 5 PTS < 20 dB group there is a general elevation of
the TC and only a slight reduction in Q1c dB. However, in the 20 5 PTS < 30 dB
group or higher th: TC's are visibly broadened. Tuning is virtually
eliminated for PTS greater than 40 dB and the aata from those animals have not
been shown. Beyond 40 dB, the TC's were either flat or beyond the range of
the instrumentation's ability to completely mask the probe tone and provide no
additional information. Thus, we -zan see a clear and systematic "detuning" of
the mean TC as the degree of PTS increaies across all the CF's. Listings of
the numerical values for all the tuning curve parameters for the various PTS

groupings are presented in Tables 20 through 22. As in the preexposure
listing, two sets of quantitative value, are presented; the mean tuning curve
variables and the mean statistic calculated from individual TC's. Tables 19
through 22 may be used to find the Qi0 dB. SRF or SLF of any tuning curve shown

i in Figures 57 or 58.

Figure 59 illustrates the percent change in the mean tuning curve
characteristics (calculated from the data presented in Tables 19 through 22)

I
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Figure 57. The mean preexposure tuning curves for the entire experimental
population at each probe frequency. (M - sample size, 0 - probe
tone)
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TABLE 19

The preexposure tuning curve variables, Qio ,S, high frequency slope (SHF)
(dB/octave) and low frequency slope (SLp) %dB/octave)

Probe Mean Tuning Mean Statistic
(kHz) Curve

3 Qiod N QldB S.D. A

0.5 1.340 294 1.579 0.716 275
1.0 2.400 293 2.489 0.969 289
2.0 2.414 293 2.813 1.656 291
4.0 4.147 294 4.326 1.752 293

8.0 3.428 294 3.711 1.947 284
11.2 3.759 293 5.359 3.850 283

§ N SHE S.D. N

m 0.5 27.0 294 26.8 8.8 290
1.0 48.2 293 47.4 11.2 291
2.0 52.7 293 46.3 15.8 292
4.0 88.3 294 84.7 25.1 294
8.0 75.3 294 76.1 24.3 291

11.2 94.2 293 85.2 28.4 293

m St N S2 S.D. N

0.5 23.8 294 24.0 7.9 293
1.0 26.6 293 26.6 8.6 293
2.0 21.6 293 21.7 12.1 292
4.0 52.5 294 52.5 19.2 294
8.0 37.0 294 37.4 22.5 292

11.2 51.4 293 52.0 29.5 292

Values calculated using the mean tuning curve (-) and the mean of all the
individual tuning curves (-). (N = sample size, S.D. = standard deviation.)

I
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as a function of PTS at various probe frequencies and is compared with the
mean amount of sensory cell loss in those same animals in the octave bands
centered around those probe frequencies. The total sensory cell loss was
determined within the octave band region centered around the probe frequency
for each particular PTS bin at that frequency. The IHC losses were much
smaller than OHC losses for each PTS bin, being no greater than approximately
40% for PTS levels greater than 40 dB and usually much less. However, once
the PTS exceeds approximately 30 dB the OHC's show large losses within the
octave bands centered at 0.5 through 8.0 kHz. Below a PTS of 40 dB there was
much less sensory cell loss within the octave band centered at 11.2 kHz than
at the other frequencies. Generally, as the amount of PTS increases beyond
10 dB, the percent change in all three TC characteristics increases,
reflecting a systematic reduction in tuning. Overall, it appears that the
changes in TC characteristics are closely related to the increase in the
amount of OHC loss over more than a 40 dB range of hearing loss at most probe
frequencies. At the 8 and 11.2 kHz robe frequencies the percent change in
Q0 dB or the slope increases in the absence of substantial sensory cell loss
for PTS up to 30 dB. At 8 kHz, the SHF follows the trend in OHC loss and
shows relatively little change across the first 30 dB of PTS while SLF and
QiocdB show substantial changes. At 11.2 kHz, the SHF also tends to broaden
(becomes more shallow) despite a less severe sensory cell loss. Once PTS
exceeds 40 dB however, all three TC characteristics show a large percentage
increase concomitant with a fairly similar increase in the amount of OHC loss
observed at the octave band regions centered at 8.0 and 11.2 kHz.

It is important to note that the level of the probe tone was fixed at
15 dB above the mean AEP threshold at each probe frequency for both the pre-
and postexposure TC's. Thus the SPL of the probe could be up to about 50 dB
higher in some postexposure animals. Since the probe level may present a
confounding variable which can influence TC characteristics, we also examined
the effects of a high probe level to determine to what extent the morphology
of the TC was level dependent. Figure 60 shows the mean TC variables for the
entire population of preexposure animals along with a control group (N - 9)
whose TC's were obtained at 35 dB above the mean AEP threshold at each probe
frequency. The results of t-tests (two-tailed) presented in Table 23 revealed
no statistically significant difference (a - 0.05) between the low and high
probe level on TC characteristics across most probe frequencies. There were
no statistically significant differences between probe levels for either the
Q10dB or SLF variables. A statistically significant steeper SHF, caused by the
high probe level, was measured at 11.2 kHz but at 1.0 kHz the SHp was steeper
for the low probe level. Thus, the higher probe level resulted in no
consistent change in TC variables. Therefore, the changes previously
described in the TC's measured from animals with PTS would tend to be
representative of the effects of a PTS rather than probe level differences.
(We recognize the inherent problems in using successive t-tests in this
analysis. However, a repeated-measures analysis of variance could not be
employed since missing data in any one cell of the high probe level

* frequencies resulted in all data being excluded from the analysis. The
problem of "pyramiding alpha" would tend to underestimate the effects of a PTS
on the tuning curve statistics.)

* Studies by Ryan et al. (1979), Robertson et al. (1980), Harrison et al.
(1981), Liberman and Dodds (1984), Smith et al. (1987) and others on the
changes which occur in psychophysical and physiologic TC's measured from
damaged cochleas have generally shown a reduced sharpness of tuning. On the
other hand, Dallos et al. (1977) reported normal Q10 d with PTS of up to 50 dB
from cochleas which had OHC losses only. Aside from the results of Dallos et
al., the overwhelming evidence indicates that the quality of tuning is largely

I
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Figure 60. A comp!•ison of tuning curve variables for probe tones
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3 Table 23

Summary of tuning curve characteristics for 35 dB SL probe

Statistic kHz Mean s N t df

I QIOdB 0.5 1.945 0.650 2 -0.721 275
1.0 2.028 1.296 8 1.315 295
2.0 2.644 2.263 3 0.175 292
4.0 4.646 1.501 8 -0.511 299
8.0 4.269 2.130 8 -0.798 290

11.2 5.730 3.633 8 -0.269 289

SSHF (dB/octave) 0.5 21.4 11.0 6 1.481 294
1.0 33.8 14.0 8 3.366* 297
2.0 43.7 32.1 8 0.443 298
4.0 81.1 .20.7 9 0.426 301
8.0 89.0 21.1 8 -1.486 297

11.2 115.2 29.2 9 -3.119* 300

SSLF (dB/octave) 0.5 23.0 5.8 5 0.282 296
1.0 21.1 14.5 9 1.845 300
2.0 22.1 12.8 9 -0.098 299
4.0 46.8 16.4 9 0.880 301
8.0 28.5 26.5 9 1.163 299

11.2 46.5 22.3 9 0.554 299

* p < 0.05 when compared with 15 dB SL results (Table 19)
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dependent on the morphological integrity of the sensory cells, especially the
outer hair cells. Thus, the issue is no longer whether TC characteristics are
altered in damaged ears, but rather, to what extent can TC morphology in
combination with the audiogram provide clinically useful information or to
what extent can we estimate the condition of the sensory structures of the
cochlea? Unlike the currently available studies which involved relatively few
experimental animals, we expected that if a fairly large sample of TC's from
normal and damaged ears could be assembled, this data base would provide a
means of quantitatively relating the changes in frequency selectivity with
measures of auditory threshold and the distribution of sensory cell loss. The
results presented in this paper show a systematic relation between the degree
of PTS, abnormal OHC populations and changes in the quality of tuning. The
changes in the quality of tuning in pathologic cochleas cannot be accounted
for on the basis of increases in probe level. Detectable changes can be
measured, on average, in the three variables used to quantify the TC when the
PTS exceeds 10 dB at any probe frequency. This result was somewhat surprising
in light of the body of existing psychophysical data which indicates that it
takes in excess of a 30 dB hearing loss before abnormal tuning can be
consistently measured. However, given the sensitivity of the TC to threshold
shifts seen in human studies (Mills, 1982) one might expect a similar
sensitivity in an animal model. As PTS exceeds 30 dB, the data presented
generally agree with the existing body of evidence which equates significant
broadening of the TC with severe OHC losses. Given that IHC pathology was
relatively small until PTS exceeded 30 dB, it appears, that the systematic
changes in tuning are related primarily to effects arrising from losses of
OHC's.

The results of these AEP generated TC data while qualitatIvely similar to
much of the existing single unit data do however show some differences. For
example, the physiological data of Harrison and Evans (1977) showed that for
PTS below 30 dB there were distinct differences in the changes in tuning
between low and high frequency fibers. Such clear frequency effects were not
seen in the AEP data. In Figure 59, for example, we can see that as PTS
increases most of the tuning curve variables are changed in a fairly similar
fashion across the range of CF's that were tested. However there is good
agreement between the general trends in our TC and PTS data and the comparable
cochlear fiber TC data of Harrison and Evans. We did, however, observe large
changes in tuning in the presence of relatively low level OHC losses in the
region of 8.0 and 11.2 kHz. At the 8.0 kHz test frequency for instance, there
is relatively little loss of sensory cells up to the 30 • PTS < 40 dB bin.
The SHF for this test frequency is changed relatively little but the percent
change in SLF and Q10 d] increases (i.e., an upward spread of masking). A
similar effect may also be seen at the 11.2 kHz test frequency but at this
test frequency SHF shows more change despite the small losses of sensory
cells. Thus, these two frequencies seem to show distinctive changes in tuning
even thcugh sensory cell losses are relatively small. Some caution, however,
must be exercised in interpreting the data at the higher levels of PTS since
the sample sizes are small and variability is large. The number of subjecta
in the lower PTS bins are more substantial but the tuning is still changed in
spite of near normal sensory cell populations. The most parsimonious
explanation of the abnormal tuning at 8.0 and 11.2 kHz is that it is probably
due to the effects of an abnormal sensory cell population in the more apical
regions of the cochlea, which is certainly the situation in our experimental
population. This is an effect quite parallel to that reported by Liberman and
Dodds (1984) when they showed that tuning of single VIII nerve fibers that
originate from completely normal regions of the cochlea basalward of a lesion,
could be altered. If a change in the masker's excitation pattern as a result
of a lesion apical to the 8.0 kHz region alters the residual area of
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excitation required for signal detection, we can expect changes in tuning to
appear in areas remote from the lesion. A model for simultaneous masking
(tone on tone) described by Johnson-Davies and Patterson (1979) for instance,
shows that the unmasked area of the signal's pattern (i.e., the residual
excitation) shifts toward the apex as the pattern of the masker shifts from
below to above the signal frequency. Since the SLF and SHF of the tuning curve
represent the high and low frequency side of the traveling wave pattern of the
masker respectively (Van Heusden and Smoorenburg, 1981) a change in tuning may
occur if the pattern of the masker is spatially altered and interferes with
the residual excitation pattern of the signal. Thus, the shallow low
frequency slope of the TC for regions of the cochlea with relatively small OHC
losses would tend to imply that the traveling wave pattern of the masker is
broadened or distorted on its high frequency side in such a manner that it
reduces the residual excitation required for detection. This would explain
the reduction of tuning in the presence of a normal SHF at 8.0 kHz. The use
of this model to produce a parallel explanation for the abnormal SW at 11.2
kHz when the corresponding region of the cochlea is relatively normal,
however, is unsatisfactory. Another possibility is that extensive stereocilia
changes within the octave bins might be responsible for the changes in tuning.
Our histological method records missing cells and not subtle morphological
changes which are known to affect sensory cell function (Liberman and Dodds,
1984). Other explanations that rely upon lesions which disrupt the
innervation pattern to the normal outer hair cells basalward of a lesion are
equally plausible.

The manner in which these data were analyzed (i.e., the assembly into PTS
bins) ignores the status of the cochlea at regions removed from the particular
bin being analyzed. Inherent in this approach is the unsuitable assumption of
an independence between the various bins that are the basis of the analysis.
Thus, potentially important characteristics of the innervation of the OHC's
and traveling wave mechanisms are necessarily ignored. Despite this great
simplification, the data clearly show that there are systematic- changes in TC
variables that begin to manifest themselves at relatively low levels of PTS
and that these changes are related to the outer hair cell population.

I
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